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Abstract
Vehicular Ad-hoc Networks (VANETs) have emerged as a potential tech-
nology to fullfill the connectivity requirements of Intelligent Transport Systems
(ITS) in the past decade, fuelled by the proliferation of built-in computers and
positioning services. A common experience in our day to day lives while us-
ing mobile services within moving vehicles, is the sudden service drops. This is
due to the spontaneous and unreliable nature of the underlying wireless channel.
Therefore, an ITS system managing passenger safety or autonomous driving while
depending on such unreliable networks could face critical service reliability and
quality issues more often than not.
To overcome these reliability issues, cooperative diversity, a supporting phys-
ical layer technology, has recently been proposed for inter-vehicular communica-
tions. In this light, we look at the favourable conditions, achievable performance
gains and possible improvements of cooperative diversity in inter-vehicular com-
munications.
Initially, we explore the potential use of Line-of-Sight (LOS) and Non-Line-
of-Sight (NLOS) vehicular relays in enabling cooperative diversity in VANETs.
The outcomes of the analysis suggest that the use of LOS relays at all possible
instances leads to enhanced outage performance. Secondly, the expected reduc-
tion of bit error rates (BER) and route error rates (RER) are derived with the
presence of cooperative diversity in highways with low density traffic flows.
viii
This thesis proposes to model the relay selection decision in cooperative re-
lay assisted routing as a Multi Objective Decision Making (MODM) problem.
Therefore, a variant of the Greedy Perimeter Stateless Routing (GPSR) proto-
col is proposed named Cooperative GPSR (CO-GPSR). Subsequently, through
simulations, we prove that CO-GPSR is more reliable compared to GPSR.
Relay isolation is a major practical problem which Slotted Amplify and For-
ward (SAF) protocol will face in vehicular communications. Therefore, we pro-
pose a Multiple Input Multiple Output (MIMO) based relay isolation mechanism
for the SAF protocol, to be used in urban intersections. A detailed Diversity
Multiplexing Trade-off (DMT) analysis is carried out to verify the validity of the
proposed mechanism.
The diversity gains of most cooperative protocols are expected to be sub-
optimal in vehicle-to-vehicle communications, due to the nature of the wireless
channel. Therefore, to understand the achievable diversity gains of cooperative
diversity protocols at operational Signal-to-Noise Ratios (SNR), we perform com-
prehensive Finite-SNR DMT (FDMT) analysis on selected protocols for different
vehicular communication scenarios. The analysis investigates the sub-optimality
of the achievable DMT of these protocols compared to their asymptotic values
which quantifies the additional SNR requirements at operational SNR regimes.
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Chapter 1
Introduction
Wireless mobile ad-hoc networks (MANETs) have captured the imagination of
the wireless research community in the last few decades. The first multi-hop
ad-hoc network dates back to the 1980s Defense Advanced Research Projects
Agency (DARPA) sponsored Packet Radio Network (PRNET) [5, 6]. MANETs
were intended to be less dependent on the supporting infrastructure and was seen
as a penetrative technology for the battle field, emergencies, public safety and
intelligent transportation systems (ITS). In the last three decades, research on
MANETs has progressed steadily in its prominent application domains. Through
this progression, Vehicular Ad-hoc Networks (VANETs) have emerged in the last
decade as one of the most promising branches of MANETs. VANETs find their
key objectives in strengthening the safety-related applications in the auto-mobile
industry and are an integral part of the ITS framework. Infortainment [7] is
a secondary service offered by VANETs that offers an effective methodology to
convert time spent in traffic into a useful duration with seamless connectivity.
Major automobile manufacturers like Toyota, Nissan, Volvo, General Motors and
BMW have invested in VANET research and standardization bodies like IEEE
have established the required standards in recent years.
2Figure 1.1: An example of typical communication scenarios in VANETs. Source:
http://www.iidi.napier.ac.uk
Figure 1.1 illustrates an overview of the VANET communication domain. In
contrast to MANETs, VANET communications are governed by the road struc-
ture and constrained by mobility patterns. However, inter-vehicular communica-
tions are likely to occur at high relative speeds and appear and disappear within
small time windows. The spontaneous nature of data exchange and the mobility
dynamics add unique challenges to establishing reliable VANETs. Autonomous
driving vehicles and ITS frameworks targeting fewer fatalities are expected to
hit the market in the coming years and Vehicle-to-Vehicle (V2V) and vehicle to
infrastructure (V2I) communications are expected to play a key role.
Various academic, industrial and government bodies in the United States,
Europe and Japan have recently implemented pilot projects testing VANETs. Co-
operative intersection collision avoidance system (CICAS) [8], California partners
for advanced transit and highways (PATH) [9], electronic toll collection (ETC)
[10], Smartway [11], E-FRAME [12] and network on wheels (NoW) [13] are some
of these projects. The proliferation of personal communication devices and global
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positioning devices and ever improving computational capabilities in automobiles
have uplifted the realisation of VANETs. Despite the potential VANETs have
shown, major research and development challenges have loomed as well [14, 15].
Some of these critical factors are the error prone wireless channel, delay con-
straints, scalability and routing issues, and security concerns. Several technolo-
gies have also been proposed to counteract some of these challenges faced by
VANETs, which will be discussed in this chapter.
1.1 Characteristics of VANETs
Even though VANETs belong to the broader family of MANETs, there are some
distinct characteristics which make them stand out. A substantial research effort
to classify VANETs can be seen in [15, 16] and references therein. According to
most authors, the velocity is the first divergent characteristic of VANETs [15].
The term node is used here in denote vehicles as well as non-mobile communi-
cation infrastructure that can prevail in VANETs. The expected node velocities
can be up to 120 km/h while the relative velocities could exceed 200 km/h in
typical VANETs. Therefore, node velocity in VANETs can be completely differ-
ent to the conventional MANETs which assume that the nodes are moving at
lower speeds. However, the nodes in VANETs can also move at lower velocities
as well, particularly in traffic jams or city environments. The node velocity has
critical implications for the overall VANET topology. Firstly, it affects the radio
channel between nodes which would have to cope with high Doppler shifts and
severe fading conditions. Secondly, the mutual communications windows between
the nodes will be narrowed due to the short radio ranges of the individual nodes.
In effect, the link lifetimes are limited and the stability of the network topologies
is compromised.
The movement patterns in VANETs are difficult to be classified as random
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compared to the generic assumption in MANETs. The road structure, protocols
and driver behaviour are some of the main factors which determine the move-
ment patterns of VANETs. The types of road environments influence the mobility
which in turn determine the operational parameters of a VANET. For example,
the city and dense urban environments present different networking environments
which are governed by smaller roads with flyovers and abundant intersections.
Large buildings and confined spaces may trigger shadowing and unique fading
conditions in communication channels between the nodes. Rural roads on the
other hand, have fewer intersections and less traffic density, which makes the
VANETs, fragmented most of the time. Highways create another distinct en-
vironment for VANETs with high relative velocities and quasi one-dimensional
communication patterns.
As mentioned previously, different road environments will be populated in
non-identical manners. Node density is another powerful factor that characterises
VANETs. Apart from the road environment, the time of the day also influences
the node density of VANETs. At lower node densities, VANETs are expected to
be highly fragmented and disconnected [4]. Store and forward mechanisms are
used to enhance the connectivity in such fragmented VANETs [17]. High node
densities are obviously favourable for VANETs yet could be prone to interference.
Node heterogeneity is yet another unique feature in VANETs which incor-
porate a range of mobile and fixed devices. The roadside network infrastructure,
known as roadside units (RSU), is expected to assist the VANETs to be stable
and well connected. Unlike the MANETs, which were expected to be fully ad-
hoc, the performance of VANETs is further enhanced using a hybrid approach
with fixed infrastructure when possible. Similar to MANETs, most protocols
developed for VANETs focus on a multi-hop communication paradigm in reach-
ing distant nodes which are out of radio range. Single-hop communications are
preferred in safety related applications due to delay constraints and reliability.
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Multi-hop communication in VANETs is another area which has captured the
interest of the research community from the early years of development. The
work in [4, 18–20] and references therein are some of the research in this area.
Multi-hop communication in VANETs is promising for a variety of applications.
In summary, the unique characteristics highlighted above reveal that VANETs
are expected to be brought up on dynamic networking environments which rely
on highly unreliable channels and requires to meet a plethora of safety related and
infotainment applications. Therefore, one of the main challenges is to provide a
robust wireless link that can support a variety of quality of service (QoS) levels
in dynamic and unreliable VANET environments.
1.2 Research Problems
Vehicular communications are in general volatile and spontaneous. A key objec-
tive of research in this domain attempts to enrich this volatile communication
process. In other words, apart from the research paradigms like store-carry-
forward (or delay tolerant networking (DTN)), there are attempts to increase the
reliability and throughput of narrow windows of communication. Recently, the
physical layer of the vehicular communications has picked up significant atten-
tion. In this light, the concept of cooperative diversity proposed by Laneman
et.al [21] and Sendonoris et.al [22, 23] has been identified as a technique with
the potential to enhance the physical layer performance of VANETs. Ilhan et.al
in [3], Seyfi et.al [24] and Feteiha [25] analysed the performance of orthogonal
cooperative diversity protocols in vehicular communications.
Cooperative diversity exploits the wireless broadcast advantage of ad-hoc
type networks. Between a source node and a destination node chunks of informa-
tion are exchanged through the help of relaying nodes which sets up a multiple
input multiple output (MIMO) system virtually. This concept is well suited to
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VANETs since the nodes are not constrained by power or processing capabilities.
Even though the performance gains promised by the cooperative diversity in ve-
hicular communications are promising, the technology is not fully explored in the
current literature. Therefore, this thesis is dedicated to further exploring the use
of orthogonal and non-orthogonal cooperative diversity protocols in the context
of vehicular communications focusing on the physical layer performance metrics.
1.3 Thesis Motivation and Original Contribu-
tions
1.3.1 Motivation
Based on the research problems presented previously this doctoral thesis is moti-
vated by two factors. Firstly, the thesis explores the physical layer error perfor-
mance in different VANET environments while employing cooperative diversity
protocols. Here, the main objective is to understand the behaviour of the or-
thogonal diversity techniques in multi-hop forwarding VANETs. In relation, the
optimal arrangements of cooperative relays are analysed to identify the most
favourable conditions to exploit diversity gains. As highlighted previously, the
node density is a vital characteristic in classifying VANETs. In addressing this
characteristic, the thesis relates the physical layer error performance of multi-hop
forwarding VANETs to the node density on highway environments. The analysis
extends to the domain of infrastructure supported VANETs. The main objective
of this extension is to quantify the relaxation of the infrastructure requirement
with the presence of cooperative diversity techniques from a physical layer per-
spective. We also investigate the network layer aspects of cooperative diversity
in VANETs by proposing an optimisation scheme for relay selection in unicast
multi-hop forwarding.
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Secondly, the thesis analyses the application of non-orthogonal cooperative
diversity protocols in the context of vehicular communications. Motivated by the
fact that orthogonal cooperative diversity protocols do not satisfy the through-
put requirements in VANETs, non-orthogonal cooperative diversity appears as
an automatic choice. The main objective of this extended analysis is to propose
a pragmatic approach to implement efficient non-orthogonal cooperative diver-
sity protocols in vehicular environments. In addition, a thorough investigation
of diversity and outage behaviour is performed on the existing non-orthogonal
cooperative diversity protocols in finite signal-to-noise ratio (SNR) environments
to highlight the pragmatic importance.
1.3.2 Original Contributions and Relevant Publications
The original contributions of the thesis are based on the main objective of ex-
ploring the performance viability of orthogonal and non-orthogonal cooperative
diversity protocols in VANETs. The details are as follows:
• Firstly, we explore the optimal relay arrangements for cooperative diversity
transmissions in vehicular communications [26]. In this analysis, different
possibilities of relay arrangements in a vehicular environment are considered
and the relays are categorised based on the availability of a line-of-sight
(LOS) link. Using accurate channel fading models we derive bounds for
capacity outage events in an orthogonal decode and forward relays in the
context of vehicular environment.
• Secondly, the use of cooperative diversity for multi-hop forwarding in large-
scale highway-based vehicular environments is analysed in [27, 28]. Here,
we have established relationships among the node density with the physical
layer error performance of VANETs. Furthermore, the impact of deploy-
ing RSUs in highway vehicular environments is analysed from a physical
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layer perspective. The outcomes of these studies highlight the error perfor-
mance gains possible with the use of cooperative diversity in the physical
layer of VANETs established on highway environments. Furthermore, the
results show that a significant reduction in infrastructure deployment can
be achieved with by enabling cooperative transmissions.
• In [29], we model a multi-objective decision making (MODM) problem for
selecting optimal relay nodes to gain cooperative path diversity with the
Greedy Perimeter Stateless Routing (GPSR) [30]. The extended version of
this protocol is named as Cooperative-GPSR (COGPSR). The key objec-
tive of this work is to understand the possible throughput gains in a relay
assisted cooperative routing scheme in an ad-hoc networking environment.
• The diversity and outage performance of non-orthogonal cooperate diversity
protocols are seldom analysed in the context of VANETs. In this regard,
we focus on the Slotted Amplify and Forward (SAF) protocol [2] in a dense
urban vehicular communication scenario. An extension to the SAF protocol
is proposed using a MIMO reception to achieve ideal relay isolation in [31].
Simulations show that the extended version of the SAF protocol has DMTs
over all multiplexing gains similar to the conventional SAF protocol and
superior to all other non-orthogonal diversity protocols.
• Finally, we explore the finite SNR diversity performance of orthogonal
and non-orthogonal cooperative diversity protocols in vehicular commu-
nications. In [32], the finite SNR DMT of basic orthogonal and non or-
thogonal cooperative diversity protocols are analysed. In contrast to the
asymptotic analysis of DMT the formula for finite SNR DMTs are used
to understand the sub optimality of the cooperative diversity protocols in
typical VANETs. Further extending the analysis in [32], [33] explores the
sub optimality in diversity performance of the SAF protocol for a vehicle
to vehicle communication scenario.
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1.4 Significance
Vehicular communication adds an extra dimension to the transportation industry
and is expected to empower the safety and entertainment feature of auto-mobiles
of the next generation. Reliable, efficient and inexpensive communications are a
must in this regard. Therefore, techniques such as cooperative diversity are ex-
pected to play a key role in VANETs. This thesis contributes numerous analyses,
theories and simulations to broaden the understanding of cooperative diversity
communications in various VANET environments.
The thesis discusses effective approaches for relay selection in cooperative
communication in VANETs which could guide the physical and network layer
protocol developers to consider novel approaches in enhancing the reliability of
the critical message dissemination. The theoretical approaches discussed to en-
hance the performance of multi-hop forwarding in highway environments are use-
ful for various applications proposed for VANETs, such as autonomous driving
(e.g RoadTrain [34]) and traffic information dissemination. The relationships es-
tablished in the error performance of multi-hop forwarding in VANETs with node
density and several other key parameters could serve as important guidelines for
the VANET network layer protocol developers.
With the view of future VANETs’ requirement to support data hungry ap-
plications with less infrastructure, the thesis proposes a pragmatic approach to
use non-orthogonal cooperative diversity protocols in urban vehicular communi-
cation environments. In addition, the comprehensive finite SNR DMT analysis
provided in the latter parts of the thesis provides useful insights on the expected
gains with cooperative diversity in practical situations.
In a general sense, the analysis and results presented throughout the thesis
apply to Mobile-to-Mobile (M2M) communication scenarios. M2M communica-
tions are ever rising with the advancement of hand-held communication devices
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which are highly capable of handling complex communications. With increasing
power capabilities, storage and high end processors in these miniature devices,
any entity could serve as a router and set up ad-hoc networks. The technologies
like LTE and beyond are expected to provide a solid platform for the M2M ad-hoc
communications. In this regard, the contextualization provided in this thesis on
the use of cooperative diversity protocols will be an important guideline.
1.5 Organisation of the Thesis
The outline of the rest of the thesis is as follows.
• Chapter 2 - A comprehensive survey on the use of cooperative diversity
in vehicular communications is conducted in this chapter. The concept
of orthogonal and non-orthogonal cooperative diversities are discussed and
relevant research efforts on their applicability in vehicular communications
are detailed in this chapter. We summarise the statistical characteristics of
the M2M fading channel. Furthermore, the chapter discusses the relevant
work on the utilisation of cooperative diversity for inter-vehicular commu-
nications. Then, the concepts outage probability, DMT and finite SNR
DMT are also introduced and used as fundamental performance bench-
marks throughout the thesis.
• Chapter 3 - In this chapter the capacity outage of a decode and forward
relay channel is analysed in a vehicular communication scenario. Vari-
ous relay arrangements are considered with LOS and NLOS of sight ar-
rangements. The cascaded Rayleigh fading and the cascaded Rician fading
channels are used to analyse and classify the performance of orthogonal
decode and forward cooperative relaying in a highway V2V communica-
tion scenario. The theoretical analysis is verified with extensive computer
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simulations and guidelines are provided for relay selection.
• Chapter 3 - In this chapter the capacity outage of a decode and forward
relay channel is analysed in a vehicular communication scenario. Various
relay arrangements are considered with line of sight and non line of sight
arrangements. The cascaded Rayleigh fading and the cascaded Rician fad-
ing channels are used to analyse and classify the performance of orthogonal
decode and forward cooperative relaying in a highway V2V communica-
tion scenario. The theoretical analysis is verified with extensive computer
simulations and guidelines are provided for relay selection.
• Chapter 4 - The use of cooperative diversity as an enabling technique to
enhance multi-hop forwarding in highway environments is analysed, using
moving vehicles from the adjacent opposite bound lane as decode and for-
ward relays. The multi-hop broadcasting within a Region of Interest (ROI)
of a highway segment under free-flow traffic is also examined in this chap-
ter. Moreover, the chapter analyses the critical node densities which yield
worst expected error performance in a multi-hop route is analysed. Exten-
sive statistical simulations and realistic vehicular simulations are used to
verify the mathematical analysis.
• Chapter 5 - This chapter provides an extension to the analysis presented
in Chapter 4. The use of standalone low cost roadside infrastructure is em-
phasised with the presence of cooperative diversity based communications.
Using real traffic traces from a free-way in France, and assuming that the
standalone RSUs are deployed at equidistant spacings, we quantify the pos-
sible relaxation of the infrastructure to maintain a specific QoS within a
ROI of a highway segment.
• Chapter 6 - The multi-hop forwarding with cooperative diversity assis-
tance is analysed from a network layers perspective in this chapter. We
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model the relay selection mechanism as a multi-objective decision making
problem to enhance the end-to-end packet delivery of the GPSR protocol.
We analyse this extended protocol in a vehicular communication scenario.
Using a event based simulation environment and realistic traffic traces, we
highlight the possible improvements of the end-to-end delivery performance
by optimising the cooperative relay selection.
• Chapter 7 - The use of non-orthogonal cooperative diversity protocols
in the context of the vehicular communications is addressed in this chap-
ter. We take the SAF protocol and propose a MIMO based relay isolation
mechanism to isolate the relays for a communication scenario in an urban
intersection. A comprehensive DMT analysis is performed for the extended
SAF protocol together with computer simulations to verify the effectiveness
of the proposed methodology. The DMT and the outage of the proposed
extension to SAF protocol are compared to the other protocols in the non-
orthogonal family.
• Chapter 8 - We examine the finite SNR DMT performance of the or-
thogonal and non-orthogonal cooperative diversity protocols in a vehicular
communication scenario in this chapter. Using a cascaded Rayleigh fading
channel model, first we study the sub optimality of diversity gains experi-
enced by the orthogonal decode and forward and non-orthogonal amplify
and forward protocols. Then we extend the analysis to study the finite SNR
DMT of the SAF protocol. The outage upper bound of the SAF protocol is
tightly approximated by solving a non-linear optimization problem for this
analysis. The analysis is performed for various road traffic conditions such
as free-flow and traffic jam.
• Chapter 9 - This chapter provides a summary of the contributions, fu-
ture research and conclusions. The contributions made by the thesis are
highlighted and the directions of the future research are addressed.
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1.6 Summary
In this chapter we provided the basic background of this thesis, the research
problem, motivations and the key contributions. We also highlighted the signifi-
cance of the research and the value of the relevant research contributions to the
advancement in utilisation of cooperative diversity in the context of VANETs.
With the basic introduction to the research provided in this chapter, the
next chapter will provide a thorough review of the related research in this area.

Chapter 2
Research Background
This chapter provides an overview of the vehicular networking environment
and the use of cooperative diversity as a performance enhancing technique for
inter-vehicular communications. The reliability and performance of the V2V
communication channel is of critical importance when the formation of VANETs
is considered. Relay based cooperative transmissions has been proposed by Ilhan
et.al [3] as an effective diversity technique in enhancing the reliability, capacity
and availability of the V2V channel.
The organisation of the chapter is as follows. Initially, in Section 2.1, we
discuss the nature of the common vehicular networks which will be materialis-
ing in the near future. Additionally, a short overview of the current standards
proposed for vehicular networks is also presented. The Section 2.2 discusses the
idea of cooperative diversity for wireless networks. Going further with the idea
of cooperative diversity, Section 2.3 discusses the relevant literature on the co-
operative diversity based inter-vehicular communications. Section 2.4 gives an
overview of the vehicular fading channel. Finally, in Section 2.5 we present some
of the prominent tools used to benchmark the cooperative protocols which are
used throughout this thesis.
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2.1 Vehicular Networking
In Chapter 1, we outlined the prominent characteristics of VANETs. The
work of [35–37] on the physical layer challenges of inter-vehicular communications
identify that the short lived, spontaneous and severely impaired V2V channel
would prevent the VANETs from reaching their full data dissemination potential.
Moreover, recent research contributions in [38, 39] analysed the lifetimes and
lengths of V2V links from a probabilistic view point to highlight the fugitive
nature of them.
The key challenges in overcoming a reliable data transfer between vehicles
depends on how efficiently the channel impairments have been dealt with. In
VANETs, the networking elements could be vehicles, base stations, pedestri-
ans (hand held devices) and traffic lights [15]. These elements are continuously
involved in single-hop or multi-hop connections governed by the data communi-
cation requirements set by the upper layers of the protocol stack. In its early
days majority of the research on VANETs focused on the network layer aspects
as the concepts were mainly inherited by the conventional MANETs (e.g [18, 40–
43] etc.). However, more recently, with many pilot projects being implemented
in real test beds and improved simulation frameworks, the research community
has realised the importance of paying greater attention to the lower layers of the
protocol stack. Some of the initial works on vehicular channel measurements are
presented in [44–47].
2.1.1 Standards for Vehicular Communications
Standardisation plays an important role in realising vehicular networks in
practice. The IEEE standard in provisioning Dedicated Short Range Communi-
cations (DSRC) for vehicles, known as Wireless Access in Vehicular Environments
(WAVE) is currently settling in well within the industry. WAVE standards are
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Figure 2.1: DSRC spectrum and the channel allocations
known as the IEEE 802.11p as well and the physical layer specifications and out-
lines the access methodologies and the spectrum. A 75 MHz of bandwidth around
5.890 GHz is allocated for DSRC, and Figure 2.1 illustrates the channel alloca-
tions and their purposes within the band. The standard was developed with the
major objective of provisioning safety in vehicular communications. However,
in the future demands would arise for the physical layer to support high speed,
throughput communications when the non-safety-related applications generate
market demand. Under such circumstances support for cooperative communica-
tions and MIMO would have to be specified separately.
2.1.2 Enabling Techniques for Vehicular Communications
With the underpinning unreliability in vehicular communications, different en-
abling technologies are being looked at. MIMO and cooperative diversity tech-
niques have shown promising gains in the initial analysis presented in [3, 25, 48,
49]. The essence of these technologies is to capitalise the multi-path rich propa-
gation environment to counteract the fading in V2V communications. Moreover,
the vehicles provide ample energy, processing power and antennas space to ac-
commodate these technologies. This thesis mainly focuses on the cooperative
diversity techniques which can provides the gains similar to MIMO implementa-
tions without using additional antennas.
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Cooperative diversity or user cooperation is an attractive diversity technique
that chooses to transmit multiple copies of a signal in different paths to overcome
the effects caused by channel fading. In contrast to the conventional time and
frequency diversity techniques, cooperative diversity utilises the classical relay
channel first analysed by Van der Mulen in [50]. The single user space diversity
utilises multiple physical antennas located within a user while user cooperation
is based on antennas belonging to multiple users, which creates a virtual array.
In the relevant literature, the work of [21–23] made the pioneering contributions
on cooperative diversity.
In [21, 51, 52], two forms of cooperative diversity schemes are proposed as
follows.
1. AF cooperation
2. DF cooperation
In AF cooperation the participating relay nodes perform scaling on the received
signal before re-transmitting them towards the destination. DF cooperation re-
lays fully decode the received signals before forwarding them towards the desti-
nation. This adds additional processing overhead at the relay. Apart from the
basic two forms of user cooperation above, another approach exists as proposed
by Cover and El Gamal [53], known as Compress and Forward (CF). In CF co-
operation, the relay can not decode the information sent by the source, but still
helps by compressing and forwarding its observations towards the destination.
AF and DF protocols face decreasing bandwidth efficiency with the number
of cooperating terminals, as each relay requires its own sub channel for repetition
of information to achieve the full benefits of spatial diversity. Later, we will
classify these protocols based on bandwidth utilisation.
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Laneman et.al [21] considered wireless network with a set of half-duplex
transmitting terminals denoted by M = {1, 2, . . . ,m}. Each transmitting termi-
nal s ∈ M, has information to transmit to a destination terminal d(S) /∈ M.
Therefore, there are m terminal cooperating in transmitting information towards
d(s). The set of decoding relays are denoted as D(s) and for AF cooperation it is
assumed that D(s) =M− s. Summarising the results of [21], it was found that
the outage probability of the AF and DF cooperative schemes decays in the fol-
lowing manner for a system with average SNR, and suitably normalised spectral
efficiency, 0 ≤ Rnorm ≤ 1m ,
Po =
1
SNRm(1−mRnorm )
(2.1)
With, Rnorm → 0, Po decays at a rate of 1SNRm . Contrastingly, for a non cooperative
system, the outage probability would decay in the form 1
SNR(1−Rnorm )
with SNR.
It should be noted that in a non cooperative setting, 0 ≤ Rnorm ≤ 1 is allowed
and when Rnorm → 0, the diversity gain decays faster.
2.2.1 Orthogonal and Non-Orthogonal Cooperative Di-
versity
The bandwidth inefficiency of the basic cooperative diversity schemes is
clearly a bottleneck when it comes to supporting high throughput applications.
As elaborated in [21], the cooperation protocols are composed of two phases. In
the first phase, the source transmits and relays and the destination listens. The
relay transmits, destination receives and the source keeps silent in the second
phase. Obviously, this approach, which is also known as orthogonal cooperation,
reduces the bandwidth efficiency significantly. In contrast, the non-orthogonal
cooperation protocols allow the source to transmit continuously without pausing
during the relay phase, boosting the bandwidth efficiency.
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Figure 2.2: The cooperation frame of NAF protocol with N − 1 relays
The non-orthogonal class of cooperative diversity was first analysed in [54] by
Azarian and El Gamal. Their work proposed the non-orthogonal versions of the
AF and and DF which were known as Non-Orthogonal AF (NAF) and Dynamic
DF (DDF) respectively. The usage of the spectrum proposed by the NAF scheme
is illustrated in Figure 2.2. In NAF with N relays, the cooperating relay nodes
take turns in transmitting the received signal subjected to scaling towards the
destination, and the source keeps transmitting continuously. The transmitting
information is organised as a cooperation data frame, which is segmented into
N sub frame,s as seen in Figure 2.2. In the DDF scheme on the other hand,
the source transmits during the whole cooperation frame while each relay listens
until the received mutual information is sufficient to decode and then forwards
the decoded information towards the destination. In [54], the authors show that
the diversity gains offered by the DDF protocol is superior to the NAF protocols
for all spectral efficiencies.
Even though NAF and DDF protocols have more spectral efficiency than the
orthogonal AF and DF protocols, it is evident from Figure 2.2 that only half of
the sub frames are protected during a cooperative frame. The Sequential Slotted
AF (SAF) protocols [2] address this issue by allowing the relays to transmit in
adjacent time slots. We will discuss the sequentially slotted cooperation in more
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detail in Chapter 8.
2.3 Cooperative Diversity in Inter-Vehicular Com-
munications
This section introduces the research which analyses the use of cooperative diver-
sity in the context of vehicular communications. Despite cooperative diversity
being extensively analysed and improved aiming legacy mobile systems, the re-
search on its applicability in a vehicular context is rare. Most of the time, co-
operative diversity protocols were analysed in a general setting where the source
station is a fixed base station and relay stations and destinations are mobiles.
However, when it comes to inter-vehicular communications the source, relay and
destination terminals could be vehicles moving at high velocities. This causes
the vehicular fading channel to be different from the conventional Rayleigh fad-
ing. We will discuss the characteristics of the vehicular fading channel in a later
Section.
Figure 2.3 illustrates two basic scenarios of vehicular cooperative diversity
analysed in [3]. Two different relay scenarios were proposed in their analysis.
First, the relay being a vehicle and second, a roadside access point (AP) as the
relay. In Figure 2.3, α
sd
, αsr , αrd are the channel coefficients and dsd , dsr , drd are the
distances between the source, destination and relay terminals. The angle θ is the
difference between the angle of arrival (AOA) from source and destination with
respect to the relay.
In [3] Ilhan et al. analysed the performance of orthogonal cooperative di-
versity protocols assuming vehicles moving on a highway. First, they obtained
the diversity order for above two relay-assisted vehicular scenarios through the
derivation of the pairwise error probability (PEP). Then, by formulating upon
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Figure 2.3: a. Vehicle assisted V2V communication b. AP assisted V2V commu-
nication
a union bound on the bit error rate (BER), they formulated a power-allocation
problem to determine how the overall transmit power should be shared between
broadcasting and relaying phases for performance optimisation.
The relative gain parameter is defined to capture the influence of the relay
location on the performance of the outage and diversity order. The respective
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relative gain parameters between source-relay and relay-destination are given as,
Gsr =
(
d
sd
dsr
)v
(2.2)
G
rd
=
(
d
sd
d
rd
)v
(2.3)
where, v is the path loss exponent. Furthermore, they have also defined a relative
geometric gain µ as follows,
µ =
Gsr
G
rd
(2.4)
Here, µ = 0 dB means that the relay is located equi-distant form the source and
the destination. However, the relative positioning of the relays is determined by
several factors like traffic-flow and relay selection strategy.
With the above settings, the authors of [3] applied the orthogonal AF pro-
tocol to both scenarios. Furthermore, they also assumed the destination node
performs a Maximal Ratio Combining (MRC) on the received signals at the des-
tination form the source and the relay during the two phases of cooperation.
Figure 2.4 shows two important results derived in [3] regarding the effective di-
versity order and the outage. The sub-optimal nature of the attainable diversity
order at relatively lower SNR regimes compared to the conventional Rayleigh fad-
ing scheme is highlighted in Figure 2.4 (a). Furthermore, the outage performance
was found to be at its best for the AP-assisted cooperation. These observations
are used as basic building blocks in this thesis. Chapter 4 further discusses the
relevant contributions of user cooperation in the context of vehicular communi-
cations.
In [55] a dual-hop amplify-and-forward relaying system employing differen-
tial encoding and decoding over time-varying Rayleigh-fading channels is studied.
The differential detection scheme presented is simple and practical to implement
in fast fading vehicular environments. The results in [55] also showed that coher-
ent detection outperforms the at SNR 35dB. Therefore, we employ the coherent
detection schemes throughout the thesis.
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Figure 2.4: a. Effective diversity order for the V2V system over conventional
and cascaded Rayleigh and Nakagami fading processes. b. Comparison of ve-
hicle and AP-assisted V2V cooperative schemes for various relay locations over
cascaded Rayleigh fading channels with optimised power allocation and 16-PSK
modulation in [3]
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2.4 V2V Channel Characteristics
This section provides a theoretical explanation of the V2V channel which is
used throughout this thesis. In the next section, a short introduction is given on
mobile radio propagation.
2.4.1 Mobile Radio Propagation
The elctro magnetic waves once transmitted from a radiating source, undergo dif-
ferent phenomena before they reach an intended receiver. These are identified as
reflection, refraction and scattering [56] and the propagation is often reached by
the destination through multiple paths. Therefore, the received signal strength
at a receiver could be expressed in terms of the receiver location and frequency.
Mobile radio propagation is characterised by two nearly independent episodes.
They are small-scale fading and large-scale path loss [56, 57]. The received signal
is a superimposed version of multiple copies of attenuated, time and phase shifted
versions of the transmitted signal. A small change in the position of a receiver on
the order of the carrier wavelength could vary the instantaneous signal strength
considerably. These types of channel variations are described by small-scale fad-
ing. The variation of the mean signal strength once the receiver moves away from
the source is explained using the large-scale path loss.
Large-Scale Path Loss
There are two main large-scale path loss models typically used to estimate the
mean signal strength of LOS paths. First, the free-space path loss model uses
the Friis free space propagation equation [56] to estimate the received signal
strength. Secondly, the two-ray ground reflection model [56], uses a LOS path
and a ground reflected path to estimate the signal strength. The later approach
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Figure 2.5: The fluctuations of the received signal power caused by large-scale
path loss and small-scale fading
has been verified to be more accurate in estimating the mean signal strength
received from tall base stations over large distances [56].
Small-Scale Fading
The rapid variations of a received signal strength are described using small-scale
fading models [56]. The instantaneous fading experienced by a receiver is gov-
erned by the characteristics of the transmitted signal and the channel. The re-
ceived signals are dispersed over time which is caused by the delay variations of
multiple radio paths between the transmitter and the receiver. This causes the
signals to experience flat or frequency selective fading [56].
The Figure 2.5 represents the small-scale fading and large-scale path loss
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experienced by a vehicle d m away from a base station with the effects of large-
scale path loss and small-scale fading.
2.4.2 Statistical Models of Fading Channels
The amplitude of a received signal distorted by the multi-path components and
a significant LOS component could be illustrated using a probability density
function (p.d.f ). First, we will discuss the Rician and Rayleigh fading processes
which are common in conventional mobile cellular systems. Then, the cascaded
Rayleigh fading p.d.f which is suitable for M2M (or V2V) communications is
introduced.
Rician Fading
Rician fading occurs when the LOS component between a transmitter and receiver
is stronger than the othe multi-path components. The amplitude of the signal
can be characterised by Rician distribution and the p.d.f is given by,
f
h
(h|v, σ) = h
σ2
exp
(−(h2 + v2)
2σ2
)
I0
(
hv
σ
)
, x ≥ 0, v ≥ 0 (2.5)
where h is the envelope amplitude of the fading channel, v the LOS path and σ2
is the variance of the fading channel. I0() is the Bessel function of zeroth order
of the first kind [58].
Rayleigh Fading
When the LOS component of a propagation approaches zero, the p.d.f of the
Rician distribution approaches the Rayleigh distribution. In other words, the
Rayleigh distribution is the worst case scenario of a Rician distribution for a
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conventional mobile cellular communication channel. The p.d.f of the Rayleigh
distribution could be given as,
f
h
(h|σ) = h
σ2
exp
( −2
2σ2
)
, h ≥ 0 (2.6)
Cascaded Rayleigh Fading
The Rayleigh and Rician p.d.f are suitable in conventional mobile cellular com-
munications. However, when it comes to M2M communications these statistical
models fail [59]. Therefore, Kovacs and Karagiannidis et.al [60, 61] proposed the
use of the cascaded (double) Rayleigh fading model for the M2M channels in their
statistical representation. This thesis uses the cascaded Rayleigh fading p.d.f in
analysing the inter-vehicular communication protocols. This p.d.f is given by,
f
h
(h|σ) = 4h
σ2
K0
(
2h
σ2
)
(2.7)
where, K
i
(·), i ∈ 0, 1, 2, . . . is the ith order modified Bessel function of the second
kind.
Cascaded Rician fading
Double Rician fading channels recently have captured the attention of researchers
due to their applicability in wireless networks. Wongtrairat et.al [62] explore the
performance of M-PSK modulation in double Rician fading channels with max-
imum ratio combining diversity. They derived the moment generating function
of instantaneous SNR in a double Rician fading channel and used it to study the
outage performance. However, their analysis is limited to direct communication
model which does not consider cooperative diversity. Davis et.al [63], the authors
have carried out a V2V RF propagation measurement campaign. The study was
based on a LOS set-up and important observations were made in terms of the
Rician factor. Nonetheless, the authors have represented the V2V channel with a
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Figure 2.6: The vehicle-to-vehicle channel
Rician fading model and obtained values in the range of 5.0− 11.0 for the Rician
K factor. The measurement campaign was not generalised to a theoretical model
which would have been more useful. Furthermore, the measured results were not
compared with a cascaded Rician fading process which represents the dynamic
V2V fading channel more accurately.
2.4.3 Vehicle-to-Vehicle Channel
Conventional mobile communication systems are studied with stationary tall
base stations and mobile stations surrounding them. When it comes to MANETs
and VANETs, the base stations and receiver stations are both likely to be moving,
resulting a range of relative speeds. Therefore, the channel becomes M2M and
the statistical properties change. These kind of channels were first studied by
Akki and Haber in [59] and the vehicle-to-vehicle channel belongs to the same
family. The vehicle-to-vehicle channel environment is illustrated in Figure 2.6
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When the transmitter and receiver are moving, the Doppler effect has a
larger influence on the behaviour of the channel. Let a signal which is modulated
on a carrier be,
s
T
(t) = R {u(t) exp(j2pif0t)} (2.8)
where, u(t) is the unit-power complex envelope and f0 the carrier frequency.
If there are N clusters of scatterers within the transmission environment, N
number of resolvable multi-path components could be expected. The individual
contribution of the ith multi-path could then be given by,
s
Ri
(t) = R
{
α
i
u(t− τ
i
)ej(2pifi t+θi )ej2pif0 t
}
(2.9)
where, α
i
is the gain of the ith resolvable component, τ
i
is the path delay, θ
i
the
phase, which is uniformly distributed over (−pi, pi] and f
i
is the Doppler shift,
given by,
f
i
= f0
(v
T
c
cosα
Ti
+
v
R
c
cosα
Ri
)
= f
T
cosα
Ti
+ f
R
cosα
Ri
(2.10)
Here, f
T
and f
R
are the maximum Doppler frequencies resulting from the motion of
the transmitter and the receiver which moves at velocities v
T
and v
R
respectively.
Furthermore, c is the speed of light in free space and α
Ti
and α
Ri
are the angles
of departure and arrival of the ith multi-path component which is measured with
respect to the transmitter and receiver velocity vectors.
Now, the total received signal can be expressed as a sum of N components
as follows,
s
R
(t) =
N−1∑
i=0
s
Ri
(t) (2.11)
If we compare the received signal and the transmitted signals in (2.11) and
(2.8), the complex of the received signals can be revealed assuming an isotropic
radiator at the receiver,
g(t) =
N−1∑
i=0
α
i
u(t− τ
i
)ej(2pifi t+θi ) (2.12)
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Therefore, the time varying transfer function of the vehicle-to-vehicle channel
can be expressed as H(f, t) = g(t)/u(t), where u(t) = exp(j2pift) and f is the
baseband frequency.
H(f, t) =
N−1∑
i=0
α
i
e−j(2pifτi−θi )e
j2pifi t (2.13)
The time correlation function of the vehicle-to-vehicle or generally the mobile-
to-mobile channel is given in [59] as follows,
Rt(m) = σ
2
1
J0(2pifTm)J0(2pifRm) (2.14)
where, m is the discrete time delay, σ1 = Rrms/
√
2, Rrms is the root mean square
of the fading amplitude. J0 is the 0
th order Bessel function of the first kind and
f
T
and f
R
are the maximum Doppler frequencies of the transmitter and receiver.
2.5 System Design Performance Indicators
Several different performance indicators are used in benchmarking wireless mobile
systems. Throughout the thesis we use three performance indicators to evaluate
the existing and newly proposed protocols. The following sections provide a
comprehensive theoretical outline of these indicators.
2.5.1 Outage Probability
The outage probability of a mobile communication system is an important
performance indicator which is best described using the information theory con-
cepts, such as mutual information and channel capacity [64, 65]. We use the
theoretical explanations in [66] for the discussion in this section. The mutual
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information of a discrete random variable X which generates an outcome x is
defined by,
I
X
(x) = log
(
1
Pr[X = x]
)
= − log (Pr[X = x]) (2.15)
where, Pr[X = x] is the outage probability of the outcome X = x and the base
of log is 2. However, the communication process inherently involves more than
one random variable (e.g. the input and output of a channel) and it is important
to represent the mutual information for two discrete random variables X and Y
as,
I(X;Y ) =
∑
x∈X
∑
y∈Y
Pr[X = x, Y = y] log
Pr[X = x, Y = y]
Pr[X = x] Pr[Y = y]
(2.16)
where, Pr[X = x, Y = y] is the joint probability mass function and Pr[X = x]
and Pr[Y = y] are marginal probability mass functions. Using the Bayes theorem,
(2.16) could be expressed as,
I(X;Y ) =
∑
x∈X
∑
y∈Y
Pr[X = x, Y = y] log
Pr[X = x|Y = y]
Pr[X = x]
(2.17)
which could further expanded to,
I(X;Y ) =−
∑
x∈X
Pr[X = x] log Pr[X = x]
+
∑
x∈X
∑
y∈Y
Pr[X = x, Y = y] log Pr[X = x|Y = y] (2.18)
The first term of R.H.S of above equation is called the entropy of the random
varaible X,
H(X) = −
∑
x∈X
Pr[X = x] log Pr[X = x] (2.19)
and the second term is called the conditional entropy of X,
H(X) = −
∑
x∈X
∑
y∈Y
Pr[X = x, Y = y] log Pr[X = x|Y = y] (2.20)
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Therefore, the mutual information could be expressed as,
I(X;Y ) = H(X)−H(X|Y ) (2.21)
Which could be interpreted as the mean amount of uncertainty about random
variable X, which is resolved after learning about the outcome of the other ran-
dom variable Y . Even if the definitions are for discrete random variables, the
similar hold for the continuous random variables as well.
The ergodic channel capacity of a frequency fast flat fading channel in Addi-
tive White Gaussian Noise (AWGN), as introduced by Claude Shanon [64], while
the receiver has the knowledge of the channel state is given by,
C = E
[
log
(
1 +
|h|2P
N0
)]
(2.22)
where, E[·] is the expectation operator, P the power of the transmitted signal,
N0 the variance of the background noise and |h|2 the envelope of the channel
amplitude.
For a system with a transmission rate R
b
, an outage event could be defined
as the set of channel realizations where the ergodic channel capacity drops below
R
b
,
Pout = Pr
[
log
(
1 +
|h|2P
N0
)
< R
b
]
(2.23)
For a stationary channel, the failure probability is Pout if we transmit a large
number of frames with a rate of R
b
. Outage probability has been widely used in
benchmarking the error performance of the wireless system over a static fading
channel.
MIMO Systems and Capacity
Using multiple antennas at the transmitter side and/or the receiver side the
diversity in the spatial domains could be exploited to enhance the communication
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Figure 2.7: A general m× n MIMO system
system reliability and throughput [67]. In Figure 2.7 a MIMO system with m
transmit and n receive antennas are presented, which is a m×n MIMO realisation.
The MIMO capacity is of critical importance for performance analysis. For
the considered system with m transmit and n receive antennas, let the channel
coefficients between the transmit antenna i, 1 ≤ i ≤ m and receive antenna
j, 1 ≤ j ≤ n be h
ij
. These coefficients are modelled as independent complex
Gaussian random variables for conventional mobile cellular systems. The MIMO
received signal can be expressed as [66],
Y =
√
SNR
m
XH + Z (2.24)
where, X = [x1x2 . . . xm ] is the transmitter signal vector by the m antennas, Y =
[y1y2 . . . xn ] is the received signal vector by n receiver antennas and Z = [z1z2 . . . zn ]
is the noise vector at each receiver antenna which is modelled as complex Gaussian
random variables with zero mean and variance one. The channel matrix H ={
h
ij
: 1 ≤ i ≤ m, 1 ≤ i ≤ n} is assumed to be known at the receiver and unknown
at the transmitter side. SNR is the average SNR at each receiver antenna and is
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independent of the number of transmit antennas.
The mutual information between X and Y is given by [66],
I(X; Y|H) = log2 det
(
In +
SNR
m
HHQH
)
(2.25)
where HH is the Hermitian transpose of the channel matrix H, In is the identity
matrix of size n × n and det(·) is the determinant operator. Furthermore, Q =
XHX.
The average capacity of this system is given by [66],
C = EH
{
log2 det
(
In +
SNR
m
HHH
)}
(2.26)
2.5.2 Diversity Multiplexing Trade-off
In MIMO systems, the multiple paths created between any pair of transmit-
receive antennas can be used to obtain diversity gain. On the other hand, these
paths can also be used to transmit independent messages from each transmit
antenna, in which case it its possible to achieve an increase in transmit bit rate
given my a multiplexing gain.
At the receiver, the MIMO configuration allows for separation of each data
stream. It is obvious that there should be a trade-off between diversity and
multiplexing gains as the later is achieved at the expense of signal paths that
otherwise could be used increase more diversity.
For example, if we denote SNR= P
σ2
where, P is the transmit power and σ2
the noise variance, the error probability for an uncoded BPSK modulated signal
over a signal antenna fading channel could be given by [68],
Pe ≡
1
4
SNR−1 (2.27)
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For a two receiving antenna scheme the error probability becomes [68],
Pe ≡
3
16
SNR−2 (2.28)
It is clear from the above observation that when the number of receiving paths
increase the error probability reduces at a faster rate with increasing SNR. A
fundamental trade-off definition was introduced by Zheng and Tse in [68] in this
regard. The asymptotic diversity gain dasy and multiplexing gain rasy are defined
for a family of codes as,
dasy = lim
SNR→∞
R
log2 SNR
(2.29)
rasy = − lim
SNR→∞
Pout
log2 SNR
(2.30)
where, R is the spectral efficiency, and Pout the corresponding outage probability.
The definitions of DMT are discussed further under Chapter 7.
2.5.3 Finite-SNR Diversity Multiplexing Tradeoff
Eventhough DMT provides a strong definition in evaluating the MIMO and
cooperative protocols in terms of diversity and multiplexing gains, it alone can
not characterise a system in some practical scenarios. As suggested by the pa-
rameter name, the Finite-SNR Diversity Multiplexing Trade-off (FDMT) is a
benchmarking parameter to evaluate systems under finite and pragmatic SNR
regimes, whereas DMT definitions evaluate high and asymptotic SNR regimes.
This thesis rigorously examines the performance of cooperative diversity pro-
tocols in the context of V2V communications, particularly at sparse traffic den-
sities. The sparse traffic densities are expected to produce V2V communications
links in finite SNR regimes. Therefore, FDMT is particularly important to un-
derstand the realistic performance bounds of the cooperative diversity protocols
in this context.
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Figure 2.8: Definition of diversity gain as a function of SNR
Narasimhan et.al first proposed a definition for the finite-SNR diversity gain
and multiplexing gain in [69] to fullfill the requirement for a definition of DMT
at operational SNRs. In this light, they defined the multiplexing gain r at finite
SNRs as follows,
r =
R
log2(1 + SNR)
(2.31)
With this definition, for a constant multiplexing gain r , the spectral efficiency
must increase as the SNR increases. The multiplexing gain r provides an indica-
tion of the sensitivity of a rate adaptation algorithm as the SNR changes.
As illustrated in Figure 2.8, the diversity gain of a system with multiplexing
gain r at a system signal to noise ratio SNR is defined by the negative slope of the
log-log plot of outage probability versus SNR. Therefore, Narashimhan defined
the FDMT d(r, SNR) as,
d(r, SNR) = −SNR
Pout
∂Pout(r, SNR)
∂SNR
(2.32)
As mentioned in [69], these definitions can be used to estimate the additional
SNR required to decrease the outage probability by a specified amount, for a
38 2.6 Impact of Channel State Information in VANETs
given rate adaptation strategy represented by the multiplexing gain.
2.6 Impact of Channel State Information in VANETs
Outdated Channel state information (CSI) could be a critical problem in VANETs.
The impacts of outdated CSI in V2V communications is highlighted in [70]. The
potentially large scale and highly mobile nature of VANETs is a challenging
environment to keep updated CSI feedback between the transmitters and the
receivers. In [71] it is pointed out that, current LTE-Advanced schedulers and
resource allocation schemes are not optimised to handle the highly mobile M2M
scenarios which are applicable to VANETs as well. A proper classification of
traffic types such as sporadic low throughput and high throughput is required
according to [70] together with additional processing in channel estimation.
The work in [72] focuses on the impact of outdated CSI on relaying protocols
in a highly mobile environment. Furthermore, it is pointed out that the diversity
order can be reduced to unity with stale CSI. A multiple relay selection scheme
was proposed to negate the impact of the stale CSI in their work. In addition,
[73, 74] have investigated the BER performance of the conventional orthogonal
AF and DF cooperative schemes with partial relay selection assuming delay in
CSI feedback loop.
The contributions in this thesis assume that the systems under analysis are
facilitated to retrieve updated CSI during communication phases. VANETs are
foretasted to operate under controlled systems with higher infrastructure support
rather than being completely ad-hoc. The impact of infrastructure is highlighted
in Chapter 5. Most of the roadways nowadays are covered with LTE capable base
stations which could support in scheduling and CSI feedback loops. Dealing with
slate CSI, falls over the scope of this thesis and is considered for future work.
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2.7 Summary
This chapter provided a general outline of the background theoretical frame-
work which will be used throughout the thesis. Starting with the general fea-
tures of vehicular networking, the prominent vehicular networking standard was
introduced. Then, moving towards the subject material of the thesis, coopera-
tive diversity was introduced and categorised while presenting the basic proto-
col paradigms. In addition, the use of cooperative diversity in the context of
inter-vehicular communications was discussed with the relevant literature and
its important results. Furthermore, introductions were given on the vehicular
fading channel and mobile wireless propagation. Different types of statistical
fading models were introduces and discussed in the following sections. Finally,
the last section discussed three important system design performance indicators
which will be used in the later chapters to evaluate the existing and proposed
cooperative diversity protocols in the context of vehicular networks.
Chapter 3
Usage of Line of Sight Relays in
Cooperative Vehicular
Communications
Cooperative communications boasts attractive performance enhancements in the
vehicular communication environment. The utilisation of AF and DF relaying
in vehicular communications has captured significant research interest in recent
times. This chapter discusses the nature and influence of LOS and NLOS relays
on the outage performance of DF relaying in vehicular communications. We use
cascaded Rayleigh and cascaded Rician channel fading models to represent the
LOS and NLOS vehicular links in a typical highway environment, in contrast
to the conventional Rayleigh, Rician and Nakagami-m fading models. Based on
some of the recent measurement-based studies on relaying in vehicular networks,
we argue that in cooperative vehicular communication scenarios, the likelihood
of LOS relays is significant and can be subjected to further performance im-
provement. A mathematical analysis is presented analysing the outage behaviour
of the DF relaying protocol for different LOS and NLOS combinations between
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source (S)→ destination (D), S→relay (R) and R→D pairs. Subsequently, the
mathematical formulas are justified by a set of Monte-Carlo simulations.
This chapter is organised as follows. In Section 8.1 an introduction to co-
operative relaying in vehicular networks is presented. The details of the system
model used for the analysis is discussed in Section 8.2. Section 3.3 elaborates the
detailed mathematical analysis on the outage behaviour of different relay com-
binations with DF relaying in vehicular communications. The simulation results
are illustrated in Section 8.7 while the conclusions drawn from the chapter are
outlined in Section 3.5.
3.1 Introduction
The requirement for robust and reliable communication protocols in VANETs
makes cooperative relaying an ideal counterpart for the lower layers of the protocol
stack. Ilhan et.al [3] analysed the feasibility of cooperative communications in
VANETs. They proposed AF relaying in V2V and V2I communications and
performed a diversity analysis. Their results show that AF relaying in vehicular
scenarios was able to extract full spatial diversity. Literature on cooperative
communications for wireless networks is extensive. However, the capabilities of
cooperative communications in vehicular domain is yet to be fully explored.
Communication channels in vehicular communications are quite different
from the conventional Base Station (BS)→ Mobile Station (MS) channel which
can be represented by a Rayleigh fading process under NLOS conditions. The
analysis presented in [75] have clearly discussed the suitability of cascaded fading
models in V2V communication systems. The assumptions were further verified
using statistical and measured data for first order and second order scattering
in Mobile to Mobile communications. Double cascaded Rayleigh and Nakagami
fading channels are used in majority of the work which analyses the cooperative
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communications in VANETs [3, 24]. These fading models are suitable for N-LOS
conditions where the dominant LOS component is obstructed. However, if we
consider sparsely populated highway or urban VANET communication environ-
ments, LOS paths are highly likely to exist. In addition, with the availability
of advanced communication, positioning and imaging technologies on-board, the
vehicles can also opt to select potential vehicles with a LOS component in estab-
lishing communication links.
We assume LOS in S→R and R→D communication pairs for DF relaying
in our analysis to fully explore the benefits of cooperative communications in
VANETs. For the analysis, the V2V channel is represented as a double cascaded
Rician fading process. The selection of this model to represent the V2V channel
can be justified by considering the dynamic nature of scatterers and geometry
between two vehicles in a typical highway environment. Even though LOS con-
ditions between two vehicles do not exist all the time, this model can be reduced
to a N-LOS double Rayleigh fading model with a Rician factor equal to zero.
Seyfi et.al [24] investigated relay selection in a dual-hop DF cooperative ve-
hicular network. They assumed m relaying nodes between S and D. The fading
channels S→Rm and Rm→D were assumed to be double Rayleigh fading channels
(Rm is the m
th relay). Closed-form expressions for outage probability and achiev-
able diversity order were derived. This analysis is applicable to the N-LOS type
of communications in VANETs. In this chapter, this area of research is further
investigated by considering LOS components in S→R and R→D pairs.
Cooperative diversity for inter-vehicular communications was first discussed
in [3]. Double Nakagami-m fading channels were assumed in this analysis. The
authors derived the pair wise error probability performance and diversity order
assuming fixed and mobile relay nodes (i.e. fixed roadside infrastructure and
vehicles as relays). Sparsely populated VANETs are seen as a major challenge
in VANETs which leads to connectivity problems. The main objective of this
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Figure 3.1: Different possibilities of relay arrangement in a vehicular networks
for DF cooperative diversity a.) Relay in Middle (RM), S → R : LOS, R → D :
LOS b.) Relay in End (RE), S→ R : LOS, R→ D : NLOS c.) RM in multi lane
road, S → R : NLOS, R → D : LOS d.) RM in multi lane road, S → R : NLOS,
R → D : LOS
chapter is to reveal greater insight on the benefits of orthogonal DF relaying in
vehicular communications by assuming mixed double Rayleigh and Double Rician
fading in sparsely populated VANETs.
Some of recent experiment based studies on V2V channel propagation under
LOS and NLOS conditions such as [76], [37], [77] provide interesting motivations
to analyse cooperative relaying in VANETs. The majority of above work does
not attempt to explore the outage performance in cooperative VANETs with LOS
conditions. Thus, this chapter intends to fill this gap by providing a theoretical
analysis on vehicular DF cooperative relaying with mixed LOS and NLOS con-
ditions in S→R and R→D pairs. We further verify our results with Monte-Carlo
simulations.
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When it comes to cooperative communications in vehicular networks, relay po-
sitioning is significantly affected by high dynamic nature of the network. The
S→D, S→R and R→D pairs always will not be positioned ideally as discussed in
conventional cooperative communication protocols [3],[24]. Figure 3.1 illustrates
some of these possible relay scenarios. The work in [78] describes the impact of
these scenarios with real world measurements in a vehicular network and showed
that cooperative relaying outperform conventional schemes with respect to packet
error rate. However, a theoretical analysis capturing the properties of the channel
and its effect on the outage performance or bit error rates was absent.
Through out the chapter, the outage event is measured by the capacity of the
DF relay channel. When a link has LOS between communicating nodes (vehicles)
i and j, the channel coefficient h
ij
is modelled as h
ij
= h
1i
h
2j
, where h
1i
and h
2j
are
Rice distributed random variables with Rician factors K1 and K2 respectively. For
NLOS communication pairs, h
ij
is modelled as the product of two independent
complex Gaussian random variables of zero mean and σ2
1i
, σ2
2j
variances [24]. The
underlying channels are assumed to be quasi-static. It is further assumed that
AWGN terms have zero mean and N0 variance.
Similar to [3],[24] a half duplex constraint for data transmission is assumed
as all the transmissions are performed during two time slots. Each transmitter
in the network is assumed to be transmitting with a power P Watts/symbol.
Furthermore, we assume perfect decoding of the source information at relay node.
However, in the case of imperfect decoding, relay selection strategies may be
required to enforce similar conditions.
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Three main relay arrangement scenarios are analysed in this section. These sce-
narios are,
• S→R and R→D links are LOS obstructed, by the surrounding vehicles
during the relaying time frame
• S→R and R→D links are at LOS during the relaying time frame
• Either link among S→R and R→D is LOS obstructed and the other is
non-obstructed during the relaying time frame.
These scenarios cover all the possible relay arrangements for the considered sys-
tem model. The source to destination link can either be LOS or NLOS depending
on the surroundings. However, we analyse the capacity of the relay path. The
state of obstruction in the S→D link does not contribute towards its capacity.
3.3.1 NLOS condition in S→R and R→D links
The outage probability for NLOS conditions in S→R and R→D is analysed in
[24]. They derive the capacity outage subjected to a target spectral efficiency µ
R
(equation (1)), where, λ
i
= 1/E {α
i
}, i = 1 . . . 4 and α
i
= |h
ki
|2, k = 1 . . . 4.
Pr (C ≤ µ
R
) = 1− 4(2
2µ
R − 1)
SNR
√√√√k=1∏
4
λ
k
K1
(√
4λ1λ2
(22µR − 1)
SNR
)
×K1
(√
4λ3λ4
(22µR − 1)
SNR
)
(3.1)
where, SNR = P/N0
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3.3.2 LOS Condition in S → R and R→ D Links
In Figure 3.1, we illustrated some possible situations of relaying in a typical
highway environment with LOS links. The capacity outage of these scenarios with
both S→R and R→D have LOS links are derived in this subsection. Assuming
a target end-to-end spectral efficiency of µ
R
per bandwidth the instantaneous
capacity of the link, C
SR
in S→R is expressed below,
C
SR
=
1
2
log2 (1 + αSR) ≤ µR (3.2)
where, α
SR
= (P/N0)α1α2 and αk = h
2
ki
+ h2
kj
, k = 1 . . . 4. The cascaded Rician
channel coefficients h
ki
, h
kj
are Gaussian random variables with zero mean and
non zero variance.
Using the marginal density together with (3.2) the c.d.f of α
k
, Fα
SR
can be
derived as follows [24],
Fα
SR
(x) = Pr (α
SR
≤ x) = Pr
(
α1α2 ≤
x
SNR
)
=
∫ ∞
0
Pr
(
α1 ≤
x
SNRα2
|α2
)
fα2 (α2) dα2
=
∫ ∞
0
Fα1
(
x
SNRα2
)
fα2 (α2) dα2 (3.3)
The p.d.f of α
k
, fα
k
, is given by [62],
fα
k
(α
k
) = (K
k
+ 1)λ
k
e−Kke−(Kk+1)αkλk I0
(
2
√
K
k
(K
k
+ 1)α
k
λ
k
)
(3.4)
where, Kk, k = 1 . . . 4 are Rician factors.
Due to the existence of a Bessel function of the first kind in the p.d.f of α
k
,
the theoretical analyses involving this p.d.f become less tractable. Furthermore,
the c.d.f of α
k
variable contains a first order Marcum-q function. Additionally,
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using (8.17) we expand (3.3) further to derive the c.d.f of α
SR
as follows,
Fα
SR
(x) = 1−
∫ ∞
0
Q1
(√
K1 ,
√
2x (K1 + 1)
λ2α2SNR
)
(K2 + 1)λ2e
−K2e(−λ2α2(K2+1))
× I0
(
2
√
K2 (K2 + 1)λ2α2
)
dα2 (3.5)
where, Q1 is a first order Marqum-Q function [58].
The integral in (8.43) is evaluated using numerical methods as closed-form
solution is highly intractable. To simplify the manipulations, (8.43) is represented
as below.
Fα
SR
(x) = 1−Ψ
SR
(x) (3.6)
Therefore, the outage probability of the link S→R can be written as,
Pr (C
SR
≤ µ
R
) = Fα
SR
(
22µR − 1) (3.7)
As we assume LOS link in R→D link, using similar steps, the c.d.f of
α
RD
= (P/N0)α3α4 can be written in following form,
Fα
RD
(x) = 1−Ψ
RD
(x) (3.8)
where, Ψ
RD
is expressed as,
Ψ
RD
(x) =
∫ ∞
0
Q1
(√
K3 ,
√
2x (K3 + 1)
λ3α3SNR
)
(K4 + 1)λ4e
−K4e(−λ4α4(K4+1))
×I0
(
2
√
K4 (K4 + 1)λ4α4
)
dα4 (3.9)
Furthermore, the outage in R → D can be expressed as,
Pr (C
RD
≤ µ
R
) = Fα
RD
(
22µR − 1) (3.10)
Following [79], a random variable γr is introduced which represents the in-
stantaneous SNR of the DF relay path. The CDF of γr is then written as [79],
Fγr (x) = Pr (CSR ≤ µR) + [1− Pr (CSR ≤ µR)]FαRD (x) (3.11)
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The equation (8.24) can be rearranged as follows,
Fγr (x) = 1−ΨSR (x) ΨRD (x) (3.12)
Using (8.25), the overall capacity outage of the relay path, S → R → D can be
expressed as,
Pr (Cr ≤ µR) = 1−ΨSR
(
22µR − 1)Ψ
RD
(
22µR − 1) (3.13)
where, Cr is the overall channel capacity over relay path.
3.3.3 LOS Condition in S → R and NLOS in R→ D Link
In this subsection, we focus on the outage capacities of scenarios where S → R
link is NLOS and R → D link is LOS. The opposite of this where S → R link
is LOS and R → D link is NLOS produces similar outage characteristics. Here,
α
k
, k = 1, 2 will be Rician distributed random variables while α
k
, k = 3, 4 will
be Rayleigh distributed random variables. It should be noted that for k = 3, 4
α
k
∼ λ
k
e−λkαk . The c.d.f Fα
SR
(x) is as expressed in (8.43). However, FαRD (x),
which describes the outage in the NLOS R→ D link is expressed as below [24],
Fα
SR
(x) = 1−
√
4λ3λ4x
SNR
K1
(√
4λ3λ4x
SNR
)
(3.14)
Furthermore, going though the exact same procedure presented in Section
3.3.2, capacity outage probability of the relay path S → R→ D is derived as,
Pr (Cr ≤ µR) = 1−ΨSR
(
22µR − 1)√4λ3λ4 (22µR − 1)
SNR
K1
(√
4λ3λ4 (2
2µ
R − 1)
SNR
)
(3.15)
3.4 Simulations and Discussions
Monte-Carlo simulations are performed to verify the analytical expressions de-
rived in Section 3.3. The instantaneous capacity of S → R→ D path is calculated
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Figure 3.2: Outage Probability comparisons of DF cooperative relaying in LOS
and NLOS conditions, µ
R
= 1 bits/s/Hz and λ
i
= 1, i = 1 . . . 4.
assuming DF cooperation at R. An outage event is recorded when the instanta-
neous relay channel capacity is below a target spectral efficiency µ
R
. For each
SNR the outage event is measured and the process is iterated 10000 times. The
simulations are carried out to verify the analytical outage capacities of various
LOS, NLOS arrangements of the relays as discussed under Section 3.3. The simu-
lations are repeated for different Rician-K factors and target spectral efficiencies,
µ
R
as well.
Outage performance of DF cooperative relays under different LOS, NLOS
scenarios are presented in Figure 3.2. The simulation results suggests that for
DF cooperative relaying, the worst capacity outage probabilities could be seen
when both S → R and R→ D links are NLOS. A significant improvement in the
outage performance can be observed when these links are at LOS. Interestingly,
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Figure 3.3: Outage Probability comparisons of DF cooperative relaying in LOS
and N-LOS conditions for different target rates, µR = 0.5, 1 bits/s/Hz and λi =
1, i = 1..4. For all simulations K1 = K2 = 5.
when either S → R or R → D link is obstructed the capacity outage shows a
significant escalation and the curves lie closer to the scenario where all related
links are at NLOS. In this situation, even an increment of the Rician K factor
of link at LOS from 5.0 to 11.0 the overall outage performance is improved by a
trivial amount. However, when both S → R and R → D links are at LOS, and
at a system SNR of 15 dB, the capacity outage reduces from 10−1 band to 10−2
if the Rician factor is improved from 5.0 to 11.0. Furthermore, when the Rician
K factor is increased outage performance improves significantly. Thus, the usage
of relays which could provide mutual LOS to the source and destination vehicles
can significantly improve the outage performance of the cooperative DF relaying
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in vehicular networks.
Figure 8.8 investigates the outage performance for different target spectral
efficiencies, µ
R
= 0.5, 2 bits/s/Hz for different LOS and NLOS conditions. For
lower data rates, the outage probabilities are lower for all LOS, NLOS config-
urations of S → R → D path. At all SNR levels the improvement in outage
probability is more significant when both S → R and R → D links are of LOS
compared to the scenarios where both links are of NLOS or either link is NLOS.
For all simulations a good agreement can be observed between the simulated and
analytical results.
3.5 Conclusion
In this chapter, we discussed the capacity outage performance of DF cooperative
relaying protocol in the presence of a mix of LOS and NLOS relays. Based on the
argument that, in sparser vehicular traffic on typical highway environments the
occurrence of LOS relays would be high, we derived the capacity outage prob-
ability of the orthogonal DF cooperative relaying protocol. The double Rician
fading channel was used to represent LOS communication between vehicles while
NLOS links were modelled by double Rayleigh fading channel. Novel analytical
formulas for the outage of different LOS and NLOS combinations of the S → R
and R→ D combinations were formulated. Finally, we simulated these scenarios
to verify the analytical results using the Monte-Carlo method. The analytical and
simulated results show that a significant improvement in performance is achieved
when both the links have LOS components. A notable reduction in capacity out-
age probabilities were observed when either S → R or R→ D link was NLOS.
The analysis in this chapter provides an important suggestion for the coop-
erative forwarding protocol designs in vehicular networks. Particularly, in relay
selection, the employment of LOS relays would provide higher reliability in the
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physical layer. In the next chapter, we will investigate the usage of orthogonal
DF cooperative relays in highway vehicular environments to reduce physical layer
error propagation in multi-hop forwarding.

Chapter 4
Inter-Vehicular Cooperative
Diversity for Multi-hop
Forwarding
Multi-hop forwarding is a primary mode of communication in VANETs in
provisioning uninterrupted and seamless connectivity. The highway environment,
particularly under free-flow traffic, may impose unique challenges in sustaining
quality of service (QoS) in VANETs due to the harsh channel conditions expe-
rienced by the radio interface. This chapter examines the physical layer error
performance of multi-hop forwarding links, where orthogonal DF cooperative di-
versity transmissions are used to enhance the system performance. Multi-hop
forwarding links can be identified by any broadcast or routing protocol operable
in a VANET while extra nodes acting as relays provide support by participat-
ing in cooperative diversity transmissions. The vehicle density range considered
throughout this chapter is 2−30 vehicles/km (unit referred as veh/km hereafter),
where a selected highway segment would presumably operate under free-flow.
This chapter is composed in two parts. Initially, the analytical expressions
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for the expected BER of a vehicle to vehicle link and the expected worst route er-
ror rate (RER) of a multi-hop link within a region of interest (ROI) on a highway
with different vehicle densities, data rates and radio ranges are derived. In ad-
dition, for a specific ROI, the attainable improvement for the maximum number
of sustainable hops subjected to a target RER is also derived. Furthermore, the
analytical results are verified using Veins and Monte-Carlo simulations. Veins
simulator introduced in [80] is a realistic event based VANET simulator used
for the analysis of communication protocols. Monte-Carlo simulations [81] are
generated in MATLAB environment which rely on repeated random sampling to
obtain numerical results of statistical significance.
In the second part of this chapter, the lowest average traffic-flow density
range which makes multi-hop connectivity harsh is explored. The behaviour of
worst expected RER for a multitude of vehicular ad-hoc networks operating under
different traffic densities, data rates and transmission ranges are examined as well.
Finally, average vehicle traffic densities which yield minimum QoS of multi-hop
forwarding VANETs are identified and discussed in the final section of the chapter.
The use of orthogonal DF cooperative diversity protocol in vehicular networks
for sparsely populated highways improves the physical layer error performance
significantly as quantified by our simulation and analytical outcomes. In addition,
the proposed methodology can be used to analyse the achievable performance
gains of orthogonal AF protocol in the context of multi-hop VANETs as well.
The organisation of this chapter is as follows. In Section 4.1, a literature
survey of PHY layer connectivity and the use of cooperative diversity in vehicular
ad-hoc networks is presented. Section 4.2 introduces the system model for our
analysis. In Section 4.3 we derive expressions for expected BER and RER and
the maximum number of sustainable hops of a highway segment of fixed length
under free-flow after applying orthogonal DF protocol. Section 4.4 presents the
simulation results. Finally, we draw our conclusions in Section 4.5.
56 4.1 Introduction
4.1 Introduction
Multi-hop forwarding in VANETs is an intensively studied branch of re-
search. The domain of data dissemination of VANETs relies on multi-hop for-
warding and discusses the common problem of establishing reliable end to end
connections. The work in [82–85] studies various types of unicast and broadcast
multi-hop forwarding (or routing) paradigms in VANETs with rigorous compar-
isons. However, these multi-hop forwarding schemes are studied in a networking
layer perspective often. The attention given on the physical layer performance of
these multi-hop protocols is limited.
All proposed routing protocols in VANETs employ multi-hop forwarding
at network level. Apart from, the topology based routing protocols [18], other
multi-hop routing strategies do not maintain heavy global topologies, which is a
performance killer in VANETs. However, in all data dissemination paradigms,
a local topology is unintentionally maintained. Therefore, multi-hop forwarding
becomes the main functionality in this regard. This chapter does not emphasise
a specific routing protocol, but assumes a multi-hop forwarding path between
two distant vehicles is discovered for communication. The issues related to the
topology maintenance which is a bottleneck at network level in VANETs are not
discussed here as they fall out of the scope of this chapter. The research on
VANET routing evaluates the routing paradigms using metrics like end-to-end
packet delivery ratio, total overhead and delay.
Deviating form the conventional view point, some researchers in [4, 20] have
evaluated the multi-hop forwarding schemes using physical layer perspectives like
expected BER, RER and maximum number of traversable hops. They charac-
terise connectivity with respect to vehicle density, vehicle arrival rate and sup-
ported data rates. However, these studies have not explored the possible tech-
niques to reduce the error propagation in multi-hop forwarding in contrast to the
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Figure 4.1: The basic relationship between traffic flow and density and various
flow states.
approach considered in this chapter. Moreover, their analytical results were not
verified using a realistic VANET simulator. Therefore, this chapter simulates the
proposed multi-hop forwarding scenarios using the Veins [80, 86] simulator.
4.1.1 Traffic Flows and Node Sparsity on Highways
Vehicle traffic flow characteristics are also vital in studies focusing on multi-
hop forwarding VANETs. In particular, this study assumes a free-flow state on
the highways. The curve representing the relationship between traffic-flow and
density is shown in Figure 4.1. When the flow density increases, the traffic flow
increases and reaches a maximum, which is the breakdown vehicle density on a
specific highway segment. Beyond this point, as shown in dashed lines, the flow
decreases and traffic is jammed, which is known as the forced-flow state. The
free-flow occurs at sufficiently low vehicle densities [87, 88] which leads to node
sparsity.
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In [89] the free-flow traffic model is used to investigate the connectivity in
VANETs. Similar to the approach used in this chapter, the free flow conditions
analysed in [89] allows vehicles to travel at their maximum velocities, virtually
unobstructed by other vehicles because of low vehicle density. They have studied
the influence of the vehicle density, relative velocity and number of lanes on the
connectivity. However, in contrast to the contributions of this chapter a detailed
study on the error propagation is missing. Furthermore, in [90] the free-flow traffic
profile is used to model intermittent connectivity in vehicular data networks. In
addition, Gramaglia et al. in [91] have looked in to the suitability of free-flow
traffic models for analysing connectivity in VANETs .
The sparsity of vehicular nodes is an inherent problem in VANETs. From a
networking point of view, node sparsity could occur in two distinct ways. There
can be instances in highway environments where the traffic flow density is physi-
cally low, which causes the number of potential communication nodes to be low.
On the other-hand, during the initial stages of VANET deployment the vehicles
which are equipped to facilitate communication can also be low. The domain of
work on delay tolerant networking (DTN or store-carry-forward eg. [40, 92–94])
discusses the protocols and issues of low node density. However, in this study we
do not focus on the DTN aspects of VANETs, but rather explore the physical
layer error performance when multi-hop links can be established. In [45, 95], the
authors emphasize the impact of shadowing in vehicular networks and argue that
the line of sight would be frequently obstructed. In contrast, we consider a low
vehicle density range where shadowing is minimized and the expected link SNRs
are low due to higher inter-vehicular distances on a highway.
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4.1.2 Cooperative Diversity for Inter-Vehicular Commu-
nications
The sparser vehicular traffic on highways leads to fragmented networks at fre-
quent intervals, as highlighted by the researchers in [40, 92]. At these low vehicle
densities, there is a likelihood that the network will form multi-hop connectivity
instantaneously, permitting the stored data to be transmitted. However, as the
expected inter-vehicular distances are significantly large, the resulting multi-hop
links are susceptible to generating high error rates. Cooperative diversity is seen
as a vibrant technique to overcome these situations in [3, 96, 97]. Cooperative
diversity exploits the broadcast advantage of the wireless ad-hoc networks and is
capable of improving bandwidth efficiency, effective radio transmission range and
power consumption [98]. With all the benefits cooperative relaying can bring,
cooperative diversity protocols are seldom analysed in the context of VANET
connectivity apart from [97].
Recall, in Chapter 3, we mentioned that Ilhan et.al [3] presented one of the
pioneering works on cooperative diversity in the context of inter-vehicular com-
munications. The authors saw the challenging networking environment associated
with VANETs as a perfect application domain for cooperative diversity protocols
like orthogonal AF and DF. They analysed the performance gains for V2V and
vehicle-to-infrastructure (V2I) links using AF and DF cooperative relaying for
single hop communications. The impressive gains they discovered provide the
motivation to analyse the concept for multi-hop forwarding. Even though coop-
erative relaying in V2V and V2I systems is extensively discussed in [3, 96], they
do not investigate the underlying error performance of multi-hop forwarding in
VANETs. Recently, in [46, 99] practical measurement based studies were pre-
sented on cooperative relaying in vehicular communications. Their results show
significant improvement in packet error rates with cooperative relaying compared
to direct forwarding in highway environments.
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Figure 4.2: A RSU node broadcasts RSS feeds on traffic information within a
ROI of length L m along a lane using multi-hop forwarding while intermediate
relays are used to assist the path.
Usage of cooperative relaying to improve the performance of multi-hop for-
warding in ad-hoc networks was first proposed by [21–23]. Luo et.al [100] propose
three approaches to use cooperative relays in an ad-hoc network for multi-hop
forwarding which are applicable in VANETs as well. These approaches will be
further discussed in Chapter 6. The approach used in this chapter belongs to the
family of Relay-assisted-routing, which uses additional cooperative relaying nodes
in an existing route. First, any multi-hop data dissemination can be used to dis-
cover a multi-hop forwarding path between a source and a destination. Then,
potential diversity relays are employed to enhance the individual links, based
on their availability. Figure 4.2 is an instance of such cooperative relay assisted
multi-hop forwarding.
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We focus within a ROI of length L m on a highway segment under free-
flow in this chapter. Multiple lanes carrying eastbound and westbound traffic
occupies this segment as seen in Figure 4.2. Furthermore, the eastbound and
westbound lanes accommodate equal accumulated average traffic flow densities,
ρ where, ρ =
∑N
i=1 ρi ,∀i. Here, N is the number of lanes in either eastbound or
westbound lanes. The vehicle density considered here implies the density of the
communication capable vehicles (CCV) [4] and could considerably be lower than
the actual vehicle density. All the vehicles contributing to the network transmits
at a power P
T
W and has a nominal radio range of R. At free-flow, as the resulting
densities are low, it is expected that the link lengths would be high. Therefore,
the nodes transmit at their full power level to minimize network fragmentation.
A roadside unit dispatches a traffic information RSS feed to a nearest CCV
in a specific lane which forwards the information to other following CCVs with
in the ROI. The requirement of the multi-hop forwarding is to broadcast this
information with in the ROI. Most of the vehicles are equipped with on board
GPS receivers nowadays and we can assume lane level positioning is available
and accurate. Furthermore, we enforce relay assisted cooperative diversity in this
multi-hop forwarding path. At each intermediate link of this broadcast multi-hop
path, DF relays are employed when available. If a relay node is not found direct
forwarding is used. However, we do not emphasize the use of a specific VANET
broadcasting protocol on this analysis as the main focus is to study the physical
layer performance of multi-hop forwarding. The cooperative relays could be AF
instead of the DF relays.
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4.2.1 When to Cooperate
As this chapter proposes to utilise cooperative relays from the opposite bound
lane as shown in Figure 4.2 a critical question arises on when a specific multi-hop
forwarding link should seek a cooperative relay. There can be two approaches
to decide when to cooperate in these networks. First, the cooperation can take
place when the multi-hop forwarding link experiences a certain error rate or the
expected SNR within a predefined time window falls below a threshold value.
Secondly, a specific multi-hop forwarding link can seek cooperation when ever
relaying nodes are available in the opposite bound lane. For the analysis in this
chapter, we take the second approach. Since we are analysing the VANETs in
a highway segment under free-flow the expected SNR in the multi-hop links are
in the lower regime most of the time. Therefore, the chosen approach can be
justified. On the other hand, monitoring the individual links to detect when they
are falling below a specific SNR or error threshold could be an additional burden
for dynamic VANETs.
4.2.2 Probability of Connectivity
The probability of connectivity within a ROI along a lane segment of a given
length is derived in [4]. . Assuming the inter-vehicular distances between vehicles
V1 , V2, . . . , VN residing within a ROI at a specific time instance t areX1 , X2 , . . . , XN−1,
the probability of connectivity, Pc that all N vehicles within the ROI are con-
nected at that time instance can be expressed as [4],
Pc = Pr
{
X1 ≤ R,X2 ≤ R, . . . , XN−1 ≤ R
}
(4.1)
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Figure 4.3: Probability of connectivity as a function of vehicle density within a
ROI of length L = 10 km. Three transmission ranges R = 100, 250 and 500 m
are considered. [4]
Since X
i
for i = 1, 2, . . . , N − 1 are independent and identical exponentially
distributed random variables with the following cumulative distribution,
F
Xi
=
1− e
ρx x ≥ 0
0 x ≤ 0
(4.2)
where, ρ = N/L is the average vehicle density of the vehicles which are equipped
with communication devices (i.e DSRC radios) Furthermore, Pc simplifies as,
Pc =
N−1∏
i=1
Pr {X
i
≤ R} = (1− e−ρR)N−1 (4.3)
The expression in is plotted in Figure 4.3 for R = 100 m, R = 250 m and R = 500
m in a highway segment of length 10 km. For densities below 0.01 veh/m (10
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veh/km) with a transmission range of 250 m, which is the DSRC standard range
the probability of all vehicles been connected in a highway segment of 10 km in
length is 0. However, there will be fragmented clusters of connected vehicles in
the highway in these situations. For a transmission range of 500 m Pc can be
improved up to 0.5. Increasing transmission range will consume more power and
devices to be more sensitive and immune to noise. This could increase the costs
of the network considerably.
4.2.3 Inter-vehicular Distance Distribution
The inter-vehicular distance is a critical parameter when multi-hop forward-
ing is investigated on highways under free-flow. The Poisson distribution is often
used to describe the vehicle arrival process [87]. Further derivations yields that
the inter-vehicular distances along a free-flow highway segment follows an expo-
nential distribution [87]. However, as shown in [20, 88] the p.d.f of the inter-
vehicular distances should ideally be a truncated exponential distribution from a
communication perspective. It is fair to assume that a communication link would
not exist for inter-vehicular distances greater than the radio R. Therefore, the
p.d.f, f
A
(α), of a random inter-vehicular distance with a possible communication
link is given by,
fα(α) =

ρe−ρα
1− e−ρR 0 ≤ α ≤ R
0 α>R
(4.4)
where ρ is the average vehicle density along the lane of motion.
In free-flow state, the vehicle density ρ
i
in each lane i is expected to be
very low. Furthermore, the vehicle speed and the traffic flow are independent.
The vehicle speed is modeled as a truncated Gaussian random variable. v is
the random variable representing vehicle speeds on a selected lane. The average
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vehicle density along this lane in free-flow state [88] is expressed as following,
ρ
i
=
2λ/
√
2piσ
erf
(
vmax−µ
σ
√
2
)
− erf
(
vmin−µ
σ
√
2
) × ∫ vmax
vmin
1
v
exp
(−(v − µ)2
2σ2
)
dv (4.5)
where, for lane i, µ is the average speed, σ, the standard deviation of speeds on
the lane studied. The maximum and minimum speeds expected, vmax and vmin
are given by,vmax = µ+ 3σ and vmin = µ− 3σ respectively.
The average number of vehicles, N on lane i over a length L m is expressed
as, N = ρ
i
L. The error function, erf(x) is given by, erf(x) = 2
pi
∫ x
0
e−t
2
dt.
4.2.4 Average SNR of Communication Links
For a transmitter and the receiver pair separated by a distance α, the in-
stantaneous SNR, γα can be expressed as following [20, 88],
γα =
|h
sd
|2 βP
T
αaPn
(4.6)
here, h
sd
is the fading channel amplitude, Pn is the total additive noise power and
a, the path loss exponent. β is a constant associated with the path loss model.
Furthermore, Pn is defined as,
Pn = FkT0rb (4.7)
where, F is the receiver noise figure, k = 1.38× 10−23J/Kelvin is the Boltzmann
constant, T0 = 300K is the room temperature in Kelvin and rb is the transmission
data rate. The constant β is defined as,
β =
G
T
G
R
c2
4pif 2
c
(4.8)
where, G
T
, G
R
are the transmitter and receiver antenna gains, c the velocity of
light and fc the carrier frequency. GT = GR = 1 and fc = 5.9 GHz is assumed for
the analysis. Now, assuming E[|h
sd
|2] = 1, the average SNR can be expressed as
below,
γα =
βP
T
αaPn
(4.9)
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Figure 4.4: The potential relay region for cooperative relay assisted multi-hop
forwarding.
4.2.5 Selection of DF Cooperative Relays
The furthest vehicles in the ROI from the feeding RSU is more likely to receive
highly erroneous information in multi-hop forwarding based broadcasting due to
the errors induced by intermediate links. Therefore, to protect the forwarded in-
formation a relay assisted approach is utilised. The DF relays are picked form the
adjacent eastbound lane when the feeds are broadcast in the westbound lane and
vice versa. The relay selection region and the related assumptions are illustrated
in Figure 4.4. The relay region is selected based on the measurement based obser-
vations in [46], which identifies the performance of relaying is better for relay in
middle (RM) arrangements. However, the relay last (RL) arrangements are also
accepted to increase the availability of relays. As shown in Figure 4.4 the dis-
tance between the relay vehicle Vr and destination vehicle Vd is approximated to
αˆ since the lane width w is significantly small (≈ 3 m) compared to the expected
inter-vehicular distances at low traffic densities. With exponentially distributed
inter-vehicular distances, it is obvious that relay nodes will not be available all
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Figure 4.5: Probability of relay availability for different radio ranges in vehicles.
the time. In [4] it is shown that the number of vehicles present in any fixed length
free-flow highway segment is a Poisson distributed random variable. Therefore,
given a highway segment of any fixed length x m, the the probability mass func-
tion p
M
(m) of finding exactly m number of vehicles with in this segment can be
expressed as following [4],
p
M
(m) =
(xρ)m
m!
e−xρ,m = 0, 1, 2, . . . (4.10)
Then, the probability P0 of locating zero vehicles within the segment x can be
expressed as,
P0 = pM (0) = e
−ρx (4.11)
Now, we can express the probability Pr of a relay node being available for any
arbitrary V2V link of length x as below,
Pr = 1− e−ρx (4.12)
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Since each vehicle has a radio range of R, the probability of a multi-hop forward
link being assisted by a relay can be expressed as,
Pr = 1− e−ρR (4.13)
Figure 4.5 presents probability of relay availability for three networks with dif-
ferent transmission ranges.
4.3 Error Performance of Multi-hop Forwarding
within a ROI
This Section analyses the error performance of the V2V links in a DF co-
operative relay assisted multi-hop forwarding path within a ROI. Expressions
are derived for the expected BER of a V2V link with and without cooperative
diversity assistance. Then, the derived expected BER expressions are used to
formulate the worst expected RER at the furthest node of a ROI from the infor-
mation source within a ROI of L m in length.
4.3.1 Expected BER of a V2V Link without Cooperative
Relay Assistance
For a V2V link between two source, Vs and destination Vd vehicles undergoing
cascaded Rayleigh fading, the expected BER can be expressed using the moment
generating function (MGF) of the SNR of the link, γ
sd
[4, 101]. The MGF of
Vs → Vd link is given by [49],
Mγ
sd
(s) =
1√
sγ
sd
exp
(
1
2sγ
sd
)
W− 1
2
,0
(
1
sγ
sd
)
(4.14)
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where, E {γ
sd
} = γ
sd
=
βP
T
αaPn
. Furthermore, W (·) is the Whittaker-W function
[58] defined in general as,
Wλ,µ (z) =
zµ+
1
2 e−
z
2
Γ
(
µ− λ+ 1
2
) ∫ ∞
0
e−zttµ−λ−
1
2 (1 + t)µ+λ−
1
2 (4.15)
where, Re (µ− λ) > −1
2
and |arg (z)| < pi
2
.
Then, the SER of this link can be derived using the following expression
[102],
P
e,V 2V
=
1
pi
∫ (M−1)pi/M
0
Mγ
sd
(
sin2 (pi/M)
sin2θ
)
dθ (4.16)
Furthermore, the average SNR for this Vs → Vd link is a function of the inter-
vehicular distance α. Therefore, the expected BER Ps for BPSK modulation with
coherent detection can be derived using (4.16) as follows,
P
e,V 2V
=
ρ
pi (1− e−ρR)
∫ R
0
∫ pi/2
0
Mγ
sd
(
1
sin2 θ
)
e−ραdθdα (4.17)
4.3.2 Expected BER of a Cooperative Communication Link
In this section we derive the error performance of a link which is assisted by a DF
cooperative relay. The potential relays selected are as seen in Figure 4.4 and from
the adjacent opposite bound lane. Assume the node V
d
employs MRC. Therefore,
assuming equal power allocation (EPA) in broadcasting and relaying phases of
cooperation the average equivalent SNR, γ
eq
, at V
d
can be expressed as,
γ
eq
= γ
sd
+ γ
rd
=
βP
T
2αaPn
+
βP
T
2αˆaPn
(4.18)
Typically, the values of γ
sd
and γrd are unbalanced. Therefore, the channel
equaliser at V
d
has to be able to estimate the noise power from both branches and
equalise accordingly. The MGF of γeq is given by,
Mγeq (s) =Mγsd (s) · Mγrd (s)
=
1
s
√
γ
sd
· γ
rd
e
(
1
2sγ
sd
+ 1
2sγ
rd
)
W− 1
2
,0
(
1
sγ
sd
)
W− 1
2
,0
(
1
sγ
rd
) (4.19)
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Then, the SER of this DF link, P
e,V V V
, for BPSK modulated transmission with
coherent detection can be expressed as following,
P
e,V V V
=
1
pi
∫ pi/2
0
Mγeq
(
1
sin2θ
)
dθ (4.20)
Furthermore, (4.20) can be expanded in terms of source-destination distance, α
and relay-destination distance, αˆ, as given below,
P
e,V V V
=
1
pi
∫ pi
2
0
(ααˆ)
a
2 sin2θ
K
e
(
αa sin2 θ+αˆa sin2 θ
2K
)
W− 1
2
,0
(
αa sin2 θ
K
)
W− 1
2
,0
(
αˆa sin2 θ
K
)
dθ
(4.21)
where, K =
βP
T
Pn
. Furthermore, integrating P
e,V V V
over the whole region of α and
αˆ, the expected SER P
e,V V V
is expressed as,
P
e,V V V
= K
′
∫ R
0
∫ R
0
∫ pi
2
0
ψ(α, αˆ, θ)W
− 12 ,0
(f(θ, α))W
− 12 ,0
(f(θ, αˆ))) sin2 θ dθ dα dαˆ
(4.22)
where, K
′
= ρ
2
piK(1−e−ρR)2 , f(θ, α) =
αa sin2 θ
K
, f(θ, αˆ) = αˆ
a sin2 θ
K
and
ψ(α, αˆ, θ) = (ααˆ)
a
2 e
(
−ρ(α+αˆ)+(αa+αˆa) sin2 θ
2K
)
. Equation (4.22) is solved numerically.
4.3.3 Worst Expected RER within a ROI
When we consider the multi-hop forwarding within a ROI of a highway lane,
the number of nodes depends on the communication capable vehicle density. The
worst expected error rates can be expected at the nodes which are furthest form
the feeding RSU. For this analysis, we select the furthest vehicle in the ROI from
the information source which could be L m away at a given time instance. For a
k-hop forwarding scenario the expected worst RER, Pr is expressed as [4],
Pr = 1− (1− Pb)k (4.23)
where, P
b
is the expected BER of each link in the k-hop broadcast cluster in the
ROI. We consider an instance when the whole ROI is connected and the multi-
hop broadcasting happens without store-carry-forward. Therefore, without loss of
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generality is can be said that, k ≈ ρL− 1. Some of the multi-hop broadcast links
in the ROI will be assisted by DF cooperative relays while others will use direct
communication only. Therefore, the overall expected BER Pe , can be expressed
as,
Pe = Pe,V 2V e
−ρR + P
e,V V V
(
1− e−ρR) (4.24)
Furthermore, the expected RER, Pav at the furthest node of a ROI, in multi-hop
broadcast can be expressed as,
Pav = 1− (1− Pe)ρL−1 (4.25)
4.3.4 Maximum Number of Sustainable Hops
The maximum number of sustainable hops [4, 20] within selected ROI is an esti-
mate for the number of hops, a frame could be forwarded without error detection
and correction at intermediate nodes, subjected to a threshold RER. This param-
eter expresses the reachability of information within a ROI. If we assume that
the threshold RER for a packet which has traversed k hops is RER
th
, then for the
packet to be sustained over these k hops is,
Pav ≤ RERth (4.26)
we can further solve this equation to get an upper bound for k as follows,
k ≤ ln (1− RERth)
ln
(
1− Pe
) (4.27)
4.3.5 Behaviour of the Expected RER
In [4], it was shown that a ROI of length 10000 m, at free-flow has a probability
of 20% to be fully connected with a flow density of 0.02 veh/m without store-
carry-forward. However, for multi-hop broadcasting, a window like this would be
significant to dispatch important and short lived information like traffic condition
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Figure 4.6: Variation of expected RER at the last vehicle in a ROI, for different
radio ranges, at L = 5000 m, r
b
= 2 Mbps.
reports. As pointed out in Figure 4.6 the previous studies by Neelakanthan
et.al [20] and Panichpapiboon et.al [4] analysed the expected RER in multi-hop
forwarding for relatively higher traffic flow densities. The lower density range
which is most likely to occur in free-flow traffic was neglected. However, in this
chapter we have a closer look at the free-flow traffic flow densities below 0.02
veh/m.
When we consider the expected RER at the furthermost node within a fully
connected ROI, the number of connected vehicles at different vehicle flow densities
are different. For example, in Figure 4.6, at a nominal traffic flow density of 0.006
veh/m the number of vehicles expected to be present within the ROI of length
5000 m is 3 (= 0.006veh/m × 5000m). Furthermore, at a flow density of 0.01
veh/m the number of vehicles in ROI increases to 5. As a result the expected
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RERs in Figure 4.6 are for fully connected networks of different sizes. In (4.25),
both Pe and its exponent ρL−1 are functions of ρ. Therefore, the worst expected
RER of a ROI engage in an interesting relationship with ρ as shown 4.6.
It can be observed that for a given ROI the worst expected RER at the
furthest node reaches a maximum at a certain flow density. This traffic flow
density is denoted by ρc . Analytically, ρc can be found by partially differentiating
(4.25) with respect to ρ and solving ∂Pav
∂ρ
= 0.
∂Pav
∂ρ
=
∂
[
1− (1− Pe)ρL−1
]
∂ρ
= 0 (4.28)
The partial differentiation of (4.28) is not straight forward. However, Pav can be
expressed in the following form,
Pav = α1e
β1ρ + α2e
β2ρ (4.29)
here, αi, βi (i ∈ {1, 2}) can be estimated using empirical methods. Therefore,
∂Pav
∂ρ
and ρc can be calculated.
∂
∂ρ
(
Pav
)
= α1β1e
β1ρ + α2β2e
β2ρ (4.30)
therefore, when the flow density of the ROI in the highway is ρc ,
∂
∂ρ
(
Pav
)
= 0
ρc =
ln
[
−α2β2
α1β1
]
β1 − β2
(4.31)
For the two scenarios in Figure 4.6 ρc is calculated as 12 veh/m and 7.7 veh/m
respectively.
4.4 Event-Based and Statistical Simulations
Two different simulation approached are utilised to verify the theoretical
analysis presented in the previous sections in this Section. The mathematical
74 4.4 Event-Based and Statistical Simulations
analysis in Sections 4.3 is first verified using a Monte-Carlo based approach in
MATLAB. In addition, the Veins simulator, which is an event-based simulation
platform is used to justify the analytical expressions further. A two-fold simula-
tion approach is used in this chapter for comparison purpose. Previous research
in this domain have often verify the results in a single simulation approach.
4.4.1 Monte-Carlo Simulations
For the simulations, a ROI of length L = 5000 m is assumed. Considering
a fully connected instance in the ROI, vehicles are populated in the east bound
and west bound lanes according to a Poisson distribution. The resulting inter-
vehicular distances are distributed exponentially and follows the distribution in
(5.2). Each inter-vehicular distance within the ROI represents a link in multi-
hop broadcasting and an average SNR is calculated for each of them. Then,
an uncoded and BPSK modulated bit stream is transmitted pertaining to this
SNR at each link, on a cascaded Rayleigh fading channels. Depending on the
availability of the cooperative relays assisting the multi-hop links selected from
the opposite bound lane of the ROI, the BER of the cooperative links are found.
Furthermore, this process is repeated for 104 iterations for different flow densities,
ρ, to generate average BER values within a 95% confidence interval.
4.4.2 Veins Simulations
Veins [86] simulation framework is a combination of OMNeT++ and SUMO [103]
which has the capabilities to accurately model the traffic flows and vehicular
communications. In [104], Veins was used to implement a physical layer which
supports cooperative relaying for vehicular communications. A procedure similar
to [104] is used to analyse the physical layer BER performance of the selected
multi-hop forwarding scenario. However, we the DF cooperation is implemented
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Table 4.1: Veins simulation parameters.
OMNeT++ Parameters Value
nic.phy80211p.maxTXPower 10 mW, 20 mW
nic.mac1609.bitrate 10 mbps, 20 mbps
nic.phy80211p.thermalNoise -95 dBm
node.applType simple broadcast
node.appl.headerLength 256 bit
node.appl.beaconInterval 1s
Path-loss model obstacle path-loss
by modifying the 80211p physical and 1609 MAC layers in the assisting relay
nodes. Furthermore, we have constrained the relay selection region from the
opposite bound lane to minimise the transmissions within the ROI in the MAC
and Network layers of the protocols stack. The traffic flows considered for the
analysis in Section 4.3 are modelled using SUMO and Krauss [105] car following
model. Common Veins simulation settings are summarised in Table 7.1. A simple
broadcast protocol was developed that dispatch a traffic information RSS feed
from a connected RSU to vehicles in a ROI. Algorithm 4.1 describes this protocol.
4.4.3 Worst Expected RER of a 10-hop Cluster with Co-
operative Diversity
Figure 4.7 (a) presents a comparison of expected worst RER for a 10-hop
connected cluster within a ROI with and without cooperative diversity in the
physical layer. At an average density of 0.03 veh/m (30veh/km) the expected
RER in a 10-hop connected cluster for a vehicular network without cooperative
diversity support can be around 10−2, while for the network with cooperative
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Algorithm 4.1: Simple broadcast protocol
1: Node in receiving mode
2: if Incoming frame not previously received then
3: Receive incoming frame
4: Check frame ROI
5: if My current coordinates ∈ ROI then
6: Forward frame to closest neighboring node
7: end if
8: end if
9: return State 1
diversity support is roughly 10−4. This result can interestingly be interpreted
in a different way. A traffic flow density of 30 veh/km is a free flow yet not
very sparse. Comparing with a DSRC radio range of 250 m, the resulting inter-
vehicular distances of this flow will be relatively small often. However, with inter-
vehicular channels subjected to sever fading, a cluster of 10-hops will result in end
to end BERs (RER) of 10−2 if intermediate nodes do not perform error detection
and correction. However, performing error correction in each intermediate node
will hinder the performance of the network and delays will tend to accumulate.
On the other-hand, the network with cooperative diversity support manages an
end to end BER (RER) of 10−4 without intermediate nodes performing error
correction. Therefore, the cooperative diversity support can be really useful for
unicast routing and multi-hop networking in vehicular networks.
Figure 4.7 (b) shows expected RER of 10-hop clusters operating at different
data rates. Two data rates used for the simulation are 27 Mbps and 20 Mbps. It
is evident from the results that the expected RERs increase when the data rates
are increased. Furthermore, the outcomes in both Figures 4.7 (a) and (b) show
good agreement between the analytical and Monte-Carlo simulated results.
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Figure 4.7: (a) Expected RER with and without cooperative diversity at k = 10
hops, P
T
= 17 dBm, R = 250 m, r
b
= 20 Mbps, a = 2.0 and T0 = 300 K (b)
Expected RER with cooperative diversity for different data rates at, k = 10 hops,
P
T
= 17 dBm, R = 250 m, a = 2.0 and T0 = 300 K
4.4.4 Sustainability of a Multi-hop Forwarding Path
This Section compares the maximum number of sustainable hops in multi-hop
broadcasting within a ROI of a free-flow highway segment and without cooper-
ative diversity support in transmissions. Figure 4.8 illustrates the results of the
simulations. The outcomes suggest that at a threshold RER of 10−4 the vehicu-
lar network without cooperative diversity support remains highly erroneous and
incapable of sustaining at least one hop for vehicular densities in the range of
0.01 − 0.03 veh/m (10 − 30 veh/km). This does not imply the network is im-
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probable to be connected over multiple hops. There can be connected clusters of
varying sizes, yet they are not capable of supporting applications which require
a target end to end BER (RER) of 10−4 most of the time. In contrast, with
cooperative diversity support the vehicular network may support up to 7-hops
without intermediate nodes performing error detection and correction at a data
rate of 20 Mbps. Comparatively for a network application requiring an end to
end data rate of 27 Mbps the maximum number of sustainable hops at a target
RER of 10−4 drops down to four even with cooperative diversity support.
This observation can be crucial in designing multi-hop forwarding based
broadcast mechanisms for vehicular networks in highway environments. Partic-
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Figure 4.9: Expected BER comparison for different vehicle densities along a
highway segment under free-flow. Simulation settings: P
T
= 10 mW, R = 500 m,
a = 2, r
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= 18 Mbps, Pn = −95 dBm
ularly, for end to end unicast applications, the multi-hop forwarding matrices
should estimate the average vehicle density when setting up communications.
Furthermore, when the nodes to be connected are spread over several connected
clusters, intermediate nodes should be assigned to perform error detection and
correction.
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4.4.5 Veins Simulations on the Variations of Expected
RER
Expected BER of Multi-hop Forwarding Links
Figure 4.9 presents the expected BER of a cooperative and non cooperative multi-
hop forwarding link. The expected BER of Veins and Monte-Carlo simulations
show good agreement with the analytical results without cooperative relaying.
For the comparison purpose a vehicle to vehicle communication link is simulated
assuming Rayleigh fading as well. The results show better BER for all flow den-
sities compared to the cascaded Rayleigh fading channel. With the assistance
of cooperative relays the BERs reduce significantly with increasing flow den-
sity, ρ. This improvement is approximately 60% at a flow density of 0.01veh/m
(10veh/km). However, it can be observed that Veins simulations on the coop-
erative relay assisted links deviate notably at higher flow densities. The reason
behind this observation is the interference among the nodes. The MAC layer
employed for the simulations in the current IEEE-1609 framework in Veins needs
to be improved to manage interference for cooperative relaying physical layers.
Worst Expected RER
This simulation compares the worst expected RER experienced by the furthest
vehicle in a ROI with and without cooperative relaying assistance in Figure 4.10.
This parameter indicates the sustainability of multi-hop forwarding based broad-
casting in a vehicular network. A significant reduction in the expected RER can
be observed when the multi-hop links are assisted by cooperative relays. At a
flow density of ρ = 0.002 veh/m, it can be seen that without cooperative relay
assistance the expected RER is up to 80 − 90% compared to 10 − 20% with
cooperative relay assistance.
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Figure 4.10: Worst expected RER of VANETs with and without cooperative
relay assistance. Simulation settings: rb = 2 Mbps, R = 400 m, Pn = −95 dBm,
a = 2.0.
Expected RER and Radio Range of the Nodes
The radio range at each vehicle critically influences over the expected BER and
RER of multi-hop broadcasting in a ROI. Figure 4.11 illustrates the expected
worst RER of the furthest vehicle in a ROI for different radio ranges. Figure 4.11
exhibits strong agreement between the theoretical and Monte-Carlo simulations.
However, Veins simulation results, which represent real world conditions more
accurately, demonstrates some deviations from the analytical results. As men-
tioned earlier, this is due to the behaviour of MAC protocol when interference is
increasing. Furthermore, it can be seen that the worst expected RER in a ROI
is inversely proportional to R. For the scenarios studied here, with radio ranges
R
i
, i ∈ (1, 2, 3) and R1 ≤ R2 ≤ R3 , the critical vehicular densities are in the order,
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Figure 4.11: Worst expected comparison of VANETs with different transmission
capabilities. Simulation settings: rb = 2 Mbps, Pn = −95 dBm, a = 2.0
ρc3 ≤ ρc2 ≤ ρc1 and peak RERs, Pm3 ≤ Pm2 ≤ Pm1 . The worst expected RER in the
ROI, Pmi , corresponds to the minimum QoS experienced by the furthest node.
Critical Flow Density for Multi-hop Broadcasting in a ROI
Using the empirical methods described in Section 4.3.5 the worst expected
RER and the critical vehicle flow density at free-flow state are estimated in
this Section for different radio ranges. Figure 4.12 and Figure 4.13 illustrates
the outcome of the empirical estimations. Table 4.2 summarises the estimated
parameters.
It is evident from Figure 4.12 that the value of ρc decays exponentially with
the increasing radio range. A similar relationship can also be observed with for the
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Figure 4.12: Critical density, ρc for connected VANET clusters with different
transmission ranges. Simulation settings: L = 5000 m, rb = 2 Mbps, Pn =
−95.2 dBm, a = 2.0
Table 4.2: Estimation of ρc using empirical analysis
σrms ρc peak RER
R (m) Thy Monte-Carlo Omnet Thy Monte-Carlo Omnet Thy Monte-Carlo Omnet
100 0.005 0.01 0.012 0.012 0.0123 0.013 0.66 0.74 0.76
200 0.002 0.01 0.0077 0.0074 0.0079 0.0079 0.605 0.68 0.69
300 0.003 0.01 0.0057 0.0061 0.0062 0.0062 0.565 0.64 0.66
400 0.004 0.00 0.0045 0.0046 0.0048 0.0048 0.54 0.61 0.63
500 0.004 0.01 0.0040 0.0034 0.0032 0.0032 0.525 0.59 0.60
peak expected RER with R in Figure 4.13. However, the mismatch in analytical
and simulated values in Figure 4.13 is due to the errors induced in the empirical
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Figure 4.13: Lowest QoS of peak expected RER in a ROI with different radio
ranges. Simulation settings: L = 5000 m, rb = 2 Mbps, Pn = −95.2 dBm, a = 2.0
estimation. Therefore, within a given ROI the worst expected RER experienced
by the furthest node is determined by the radio range of the nodes. In addition, a
dynamic optimisation of R would result in different QoS performance of vehicular
multi-hop forwarding networks.
Effects of Congestion and Interference
In the simulation outcomes shown in Figure 4.11, Figure 4.10 and Figure 4.9
the BER and RER values of the analytical and the Veins simulations indicate
significant deviations when the traffic flow density is increased. Increased traffic
flow density implies the growth in transmitting nodes in the network. For all
the simulations the IEEE 1609 MAC layer implementation was used without
modifications. However, when we implement cooperative communications the
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current MAC layer implementation is not ideal. Once the physical layer adopts
cooperative relaying, number of transmissions increases significantly. This leads
to congestion and interference in the shared medium which leads to degraded
performance. Proper modification of the MAC layer to overcome congestion and
interference with the presence of cooperative communications is a separate area
of study which needs further research.
4.5 Conclusions
This chapter presented analysis and simulations on the error performance of
multi-hop forwarding based broadcasting within a ROI of a vehicular network
established on highway environments under free-flow. Analytical equations were
derived for the expected BER and RER of such networks. Moreover, the sustain-
ability of connected clusters within a ROI was analysed and subjected to a thresh-
old RER which showed, employing cooperative diversity at PHY layer generates
significant gains. The behaviour of worst expected RER within a fully connected
ROI was further examined at critically low vehicle traffic densities. This revealed
that the worst expected RER along a highway lane segment reaches a maximum
at particular vehicle traffic density resulting in a QoS minimum. Furthermore, the
minimum QoS and the critical vehicle traffic density were measured for vehicular
networks with different transmission characteristics.
The outcomes revealed that, at lower densities orthogonal DF cooperative di-
versity can improve the worst expected RER in the range of 15%−65% compared
to the vehicular networks supporting solely direct communication. The improve-
ment increases for higher vehicular traffic flow densities. It was also observed
that vehicular networks with higher mean transmission ranges have lower criti-
cal densities than the vehicular networks with lower mean transmission ranges.
The study focused more on sparse and volatile highway segments. It could be
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concluded that these results will be useful for coverage expansion and designing
network layer protocols in VANETs where fixed roadside infrastructure is scarce.
In conclusion, we have explored a pragmatic and viable solution to improve
the error performance of multi-hop forwarding in vehicular networks on highway
environments. Improving connectivity and QoS in highway vehicular networks
can be made more effective using roadside communication infrastructure. How-
ever, cooperative diversity can considerably reduce. The next chapter discusses
the effective use of RSUs in highway environments using cooperative diversity
based physical layer in the participating nodes.

Chapter 5
Standalone RSU Deployment in
Cooperative Diversity Enabled
Vehicular Communications
Environments
Chapter 4 examined the application of orthogonal cooperative diversity trans-
missions within a ROI of a highway segment under free-flow from the physical
layers perspective. It was also shown that at a critically low node density, the
probability of connectivity within the ROI degrades abruptly. Therefore, we can
argue that, to have sustainable VANETs in highway environments roadside in-
frastructure is essential. Nevertheless, a physical layer performance enhancing
transmission technique such as cooperative diversity can contribute positively to
reduce such infrastructure requirements. This chapter investigates the expected
physical layer error propagation within a ROI in a highway segment under free-
flow in the presence of standalone RSUs which are deployed at regular distance
intervals.
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This chapter is organised as follows. In Section 5.1, an overview of research
proposing the use of roadside infrastructure in VANETs is presented. Further-
more, this section also differentiates between the concepts of standalone and
connected RSUs. Section 5.2 provides the details of the system model used in
the analysis together with key assumptions made. The expected BERs of the
basic communication link types used in the system are derived in Section 5.3.
In addition, Section 5.3 compares the expected RER performance within a ROI
on a highway segment under free-flow with and without cooperative diversity
in the physical layer. The simulations verifying the analysis and a discussion is
presented in Section 5.5. Finally, Section 5.6 concludes the chapter.
5.1 Introduction
In Chapter 4, it was demonstrated how sparse traffic flows can hinder the per-
formance in multi-hop forwarding paths within a ROI. However, there are many
research contributions in this area showing that careful introduction of roadside
infrastructure can significantly improve the connectivity and reliability. Even-
though the introduction of RSUs promise attractive benefits, their deployment
can be costly. Therefore, the network designers have to make trade-offs between
VANET performance and associated infrastructure costs. This chapter argues
that, with the gains of cooperative diversity in multi-hop vehicular communica-
tions seen in sparse and volatile highway environments, RSU deployment can be
further optimised.
In [106], an analytical framework to estimate the minimum number of RSUs
required to cover a road segment, for a low-density VANET, with a probabilistic
delay guarantee in a multi-hop intermittent path is proposed. In addition, the
work in [106] exploited the effective bandwidth theory and its dual to achieve
a maximum separation between the RSUs. Therefore, unlike the focus in this
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chapter, the results presented in [106] are based on delay constraints. On contrary,
we focus more on the expected BER and RER to quantify the RSU deployment
problem.
Reis et.al [107] analysed the average delay of a packet between a disconnected
source and a destination in a multi-hop forwarding path in the presence of RSUs.
Their results indicate that, for a single gap multi-hop communication path, the
expected delay can be reduced from 15% − 30%. In [93], a store-carry-forward
based packet forwarding mechanism is analysed in a road segment where RSUs are
deployed. The authors have focused on the connectivity of the vehicles and have
investigated the minimum number of RSUs required within a ROI to minimise the
re-healing time for safety message broadcasts. Lochert et.al studied the optimal
placement of RSUs in a large scale road traffic network by optimising the travel
time saving on a traffic information system sustained by a VANET [108]. They
used a genetic algorithm to identify the optimal positions of the RSUs.
In [109], a method is proposed to optimally place interconnected RSUs in a
vehicular networks to minimise the average number of hops from access points
in vehicles to RSUs. The objective of the approach in [109] was to minimise the
communication delay. Moreover, Li et.al in [109] also investigated the minimi-
sation of the total power consumption, and have shown that, when the average
number of hops are minimised, the average capacity of each vehicular access point
could be maximised.
The previous analysis in the domain of RSU deployment in VANETs have
rarely looked at the physical layer error propagation of the multi-hop communi-
cations within the ROIs. Most of the time the end-to-end delay is selected as the
key objective in determining the inter-RSU spacings. However, the error propa-
gation through the physical layer of vehicles is a major drawback in maintaining
sustained and reliable information exchange in VANETs. This chapter quantifies
the possible reduction in RSU requirement by employing cooperative diversity
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schemes at the physical layer of the communicating vehicles. Furthermore, a
multi-hop broadcasting communication scenario within a ROI of a free-flow high-
way is used for the analysis. We focus on the low traffic flow densities which is
harsh for connectivity.
RSUs alongside a highway segment can be either interconnected or stan-
dalone [107]. The interconnected RSUs can be connected to a fiber or copper
cable running alongside the road. On the contrary, the standalone RSUs oper-
ate independently and aid the vehicles in multi-hop forwarding. Compared to
interconnected RSUs the standalone RSUs are less costly to deploy and operate.
5.1.1 Interconnected RSUs
The deployment cost of RSUs for highway based VANETs depends on their de-
sign approach. The designated functionality performed by the RSUs can have a
significant influence on the overall expenses. A VANET which is highly depen-
dent on RSUs in information dissemination, will require the RSUs to be powerful
base stations which should operate at high elevations, covering larger areas of the
highway segment. RSUs of this type will mimic base stations of 3G or 4G archi-
tecture and are interconnected [107]. They are capable of handling handover and
advanced store-carry-forward mechanisms with more processing capabilities to
detect signals from distance vehicles immersed in deep noise levels. This type of
infrastructure is generally interconnected with high-speed backbone fiber running
along the highway. An expensive architecture of forth-mentioned type dilutes the
ad hoc nature of VANETs. Therefore, we look in to more versatile and standalone
type of RSUs.
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5.1.2 Standalone RSUs
The standalone RSUs are deployed with no interconnection. However, a selected
subset of RSUs may be connected to internet, providing global connectivity for
the VANET. The standalone RSUs are passive and low power devices. They
amplify and forward the received signals form vehicles and have limited queue
memory to serve few simultaneous requests. These RSUs are designed to operate
with solar energy and have a battery backup which can store power for them to
operate overnight. The RSUs are expected to have similar sensitivity and range
as the vehicular nodes. The standalone RSU can be considered as a stationary
communication capable vehicle along the highway segment. With a device of
this type the implementation cost can be greatly reduced. However, there can be
certain drawbacks associated as well. Small transmission ranges and low transmit
powers may demand large number of devices to be deployed in sparser highway
segments. Therefore, this chapter discuses the mechanisms to reduce the number
of RSU needed maintain uninterrupted connectivity utilising cooperative based
communication at the physical layer.
5.2 System Model
To proceed with the analysis, the system model used in Chapter 4 is extended fur-
ther. A highway with east bound and west bound free-flow traffic is considered,
which is populated with standalone RSUs at Du regular intervals and Du ≥ 2R.
The vehicular traffic density in both directions are assumed to be ρ veh/m and
the vehicles move at their desired speeds subject to the speed limitations on the
road. However, the realistic vehicular traffic data which are used for the simu-
lations in this chapter shows that some vehicles do travel in higher speeds than
the permitted speed limitations. Similar to Chapter 4, following experimental
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Figure 5.1: Multi-hop broadcasting within a ROI of a highway lane with RSU
support and cooperative relay assistance
approximations, it is assumed that the inter-vehicular distances (distance head-
ways) and time headways are exponentially distributed at free-flow.
To observe the expected error performance, we select a ROI in the highway
which is L m in length as shown in Figure 5.1. It is also assumed that the
active transmitting elements are vehicles in this network and the RSU are passive
devices with less processing capability. Simply speaking, the standalone RSUs
can only amplify and forward the received signals and can process one frame
at a time without advanced buffering capabilities. These assumptions can be
easily justified by considering the cost saving such RSUs can bring without being
equipped with higher processing capabilities. Furthermore, while implementing
cooperative diversity in these networks, the standalone RSUs will not be capable
of performing the coordination between nodes and can only operate as a relay.
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Therefore, in a source-relay-destination combination, the standalone RSU is not
expected to act as a source or a destination.
We consider a multi-hop broadcasting scenario within the ROI shown in
Figure 5.1. For this scenario, a connected RSU (3G/LTE base station) is dis-
patching a RSS feed on traffic information within the ROI and all nodes support
multi-hop broadcasting. Similar to explanation in Chapter 4, the broadcasting is
controlled using the geographic position of each vehicle which could be used to
verify its location within the ROI. Following the definitions in Sections 4.2.2 and
Section 4.2.3 of Chapter 4 the SNR of the communication links are defined. It
is assumed that the vehicular relays implement orthogonal DF cooperation while
RSUs implement orthogonal AF cooperation.
5.2.1 Expected Links within the ROI
With the presence of the RSUs the types of links which are likely to form in multi-
hop broadcasting within a ROI are increased. For example, the cooperative and
direct communication links will be formed with the involvement of the RSUs as
well. To reach the furthermost vehicle within a ROI, information frames from
source would utilise following types of links (Table 5.1). Figure 5.2 illustrates
Link type Denotation
Vehicle to RSU link V 2I
Vehicle-to-Vehicle link V 2V
Vehicle-to-Vehicle link with a RSU assisting
as a cooperative relay
V IV
Vehicle-to-Vehicle link with a vehicle assist-
ing as a cooperative relay
V V V
Table 5.1: Types of links possible to be formed with in a ROI
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Figure 5.2: (a) A vehicle to RSU communication link. (b) A vehicle-to-vehicle
communication link. (c) A cooperative communication link with a RSU as a
cooperative assisting relay. (d) A cooperative communication link with another
vehicle from the opposite bound lane as a cooperative assisting relay.
these links possible to be formed in a multi-hop broadcasting scenario within a
ROI.
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5.3 Error Performance of Vehicular Communi-
cation Links
The expected error performance of each type of vehicular communication link is
derived in this Section. The usage of the expectation values is justifiable as the
traffic flows over certain observation time periods follow a known distribution.
Therefore, designs based on expected values can guarantee that the system will
not be over designed to waste resources.
Section 4.2.2 defined the inter-vehicular distance distribution of a highway
under free-flow. In this chapter, we will introduce the distance distribution when
RSUs are introduced to the system. One can clearly see that new types of links
appear connecting RSUs to vehicles. Therefore, the distribution of distances
from vehicle to RSU and RSU to vehicle comes to light. Obviously, the RSUs
are distributed at uniform density alongside the road segment and each RSU has
a similar radio range, R m, to that of the vehicles. Following lemma states the
required distribution.
Lemma 5.1 : The RSU-vehicle distance distribution in a highway segment under
free-flow where RSUs are deployed at a uniform density of 1/Du m
−1 and has a
transmission range R, follows a uniform distribution with density 1/R
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Proof : First we select any random RSU, m, deployed within the ROI. Since we
have assumed Du ≥ 2R, the coverage area of two adjacent RSUs never overlap.
Therefore, the vehicles to RSU distances are independent of Du .
Now, consider a distance R from RSU m towards RSU m − 1(Figure 5.3).
The number of vehicles within this R spacing is a Poisson distributed random
variable and the position of the vehicles are uniformly distributed. If we represent
the distance between any vehicle within theR spacing and the selected RSU, using
a random variable Z, the c.d.f of Z, F
Z
(z) can be expressed as,
Pr(z ≤ Z) = z
R
F
Z
(z) =
z
R
(5.1)
Furthermore, by differentiating above c.d.f, the p.d.f f
Z
(z) of random variable z,
can be expressed as following,
fZ(z) =

1
R
0 ≤ z ≤ R
0 z >R
(5.2)
This distribution is further verified using the simulated data in Figure 5.4.
The p.d.f s shown in Figure 5.4 are for a free-flow traffic stream of density 0.02
veh/m. All the inter-vehicular spacing are created using an exponential distribu-
tion. The three p.d.f s are for radio ranges 100, 200 and 400 m respectively. The
analytical and the simulated p.d.f s show a good fit.
5.3.1 Expected BER of a V2I Link
Assume a random vehicle forming a communication link with a RSU z m away.
Therefore, the instantaneous SNR, γ
V 2I
of this link can be expressed as,
γ
V 2I
=
|h
V 2I
|2 βPt
zaPn
(5.3)
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Figure 5.4: The analytical and simulated p.d.f s of the RSU-vehicle distances for
different radio ranges
where, h
V 2I
is the channel coefficient between the RSU and the vehicle and |h
V 2I
| is
Rayleigh distributed. Other terms have their usual meanings from 4.2.4. Further,
the average SNR, γ
V 2I
, at a distance z from the RSU is given by (4.14),
γ
V 2I
=
βPt
zaPn
(5.4)
A V 2I link can be characterised as an infrastructure to mobile link. These
type of links undergo Rayleigh fading. Furthermore, reference [110, pp.171] gives
the BER, P
e, V 2I
, under Rayleigh fading for coherent MPSK modulation with Gray
coding. The choice of modulation and coding schemes are random. Any other
digital modulation scheme can be used. However, the use of Gray coding is used
for simplicity.
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P
e, V 2I
=
sin2
(
pi
M
)
4
(
log
2
M
)2
γ
V 2I
(5.5)
where, M is the modulation index. Furthermore, the expected BER over all
possible values of z can be derived as,
E
[
P
e, V 2I
]
=
∫ R
0
P
e, V 2I
f
Z
(z)dz
P
e, V 2I
=
∫ R
0
sin2
(
pi
M
)
4
(
log
2
M
)2 zaPnβPt 1Rdz
=
sin2
(
pi
M
)
PnR
a
4
(
log
2
M
)2
βPt (a+ 1)
(5.6)
5.3.2 Expected BER of a V 2V Link
The expected BER for a V 2V communication link with coherent BPSK mod-
ulated transmission was derived in Section 4.3. The same expression can be
extended to derive the expected BER, P
e, V 2V
, over all possible inter-vehicular
distances, α, for MPSK modulated transmission with Gray coding,
P
e, V 2V
=
ρ
pi (1− exp (−ρR))
∫ R
0
∫ (M−1)pi
M
0
Mγ
V 2V
(
− 1
sin2θ
)
e−ραdθ dα (5.7)
The MGF of the average SNR, γ
V 2V
, of the V2V communication link, Mγ
V 2V
is
given by,
Mγ
V 2V
(s) =
√
1
γ
V 2V
s
exp
(
1
2γ
V 2V
s
)
W
− 12 ,0
(
1
γ
V 2V
s
)
(5.8)
Here, W
− 12 ,0
is the Whittaker-W function.
5.3.3 Expected BER of a V IV Link
Section 5.1.1, outlined the intended objectives of a standalone RSU. Ultimately,
the receiving node performs MRC processing to the signal relayed through the
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RSU and the direct signal from the source vehicle. To simplify the analysis, it is
assumed that the relaying phase and the transmit phase use equal power.
Assume a RSU cooperative link is formed by two vehicles, V
i
, V
j
within the
ROI, which are positioned z m and w m away from the RSU respectively. It
should be noted that z and w are random variables representing RSU-vehicle
distances. With the fading channel coefficients h
ir
, h
rj
between V
i
→ RSU and
RSU → V
j
, the instantaneous received SNR through RSU, γ irj, can be expressed
as follows,
γ irj =
∣∣∣∣hirhrj√βPtza √βPtwa ∣∣∣∣2
Pn
(
βPt |hir |2
za
+ Pn
)(
1 +
βPt |hrj |2
βPt |hir |2
za
+Pn
) (5.9)
Furthermore, the average SNR, γ irj can be expressed as,
γ irj =
(βPt)
2
Pn (βPt (z
a + wa) + Pn (zw)
a)
(5.10)
MGF Mγ irj , of γ irj is given by,
Mγ irj (γ) =
∫ ∞
0
fγ irj (γ)e
−sγdγ (5.11)
Since the RSU → V
j
link is expected to undergo Rayleigh fading,
fγ irj (γ) =
1
γ irj
e
γ
γ irj (5.12)
Therefore, (5.11) simplifies as following,
Mγ irj (γ) =
1
1 + γ irjs
(5.13)
Upon reception of two signals from the relay and the direct paths, V
j
performs
MRC. The MGF,Meq , of average equivalent SNR, γeq = γij+γirj can be expressed
as below,
Meq(s) =MγV 2V (s)Mγ irj (s) (5.14)
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Mγ
V 2V
and Mγ irj are as defined in (5.8) and (5.13). Using MGF in (5.14) the
BER, P
e,V IV
, of the RSU cooperative communication link for MPSK modulated
transmission with Gray coding can be expressed as follows,
P
e,V IV
=
1
log
2
M
∫ (M−1)pi
M
0
Meq
(
sin2
(
pi
M
)
sin2θ
)
dθ (5.15)
Therefore, the expected BER, P
e,V IV
, over all possible α, z, w distances is given
by,
P
e,V IV
=
1
log
2
M
∫ R
0
∫ R
0
∫ R
0
∫ (M−1)pi
M
0
Meq
(
sin2
(
pi
M
)
sin2θ
)
fα(α)fZ (z)fW (w)dθ dα dz dw
=
ρ
(
1− e−ρR)−1
R2 log
2
M
∫ R
0
∫ R
0
∫ R
0
∫ (M−1)pi
M
0
Meq
(
sin2
(
pi
M
)
sin2θ
)
e−ραdθ dα dz dw
(5.16)
The integration in (5.16) can be solved using numerical methods. Wolfram Math-
ematica was used in solving these four-fold integral later in the simulations. The
MGF functions encapsulated within the integrals are composed of integrals which
can’t be simplified further.
5.3.4 Expected BER of a V V V Link
The expected BER of vehicular cooperative communication links were discussed
under Section 4.3 in detail. However, the derivation was for coherent BPSK
modulated transmissions. To generalise the analysis further, MPSK modulated
transmission is assumed with Gray coding. It should be noted here, that w and
z have conditional exponential distributions similar to α. Following a similar
process to that of Section 4.3 of Chapter 4, the expected BER, P
e,V V V
, derived
as follows,
P
e,V V V
=
Γ
log
2
M
∫ R
0
∫ R
0
∫ R
0
∫ (M−1)pi
M
0
Meq
(
sin2
(
pi
M
)
sin2θ
)
e−ρ(α+z+w)dθ dα dz dw
(5.17)
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where,
Γ =
ρ3
(1− e−ρR)3
However, Meq is different to (5.14) and expressed as,
Meq(s) =MγV 2V,d (s)MγV 2V,r (s) (5.18)
where,Mγ
V 2V,d
andMγ
V 2V,r
represent the MGFs of the direct and relaying signal
paths at V
j
.
5.4 Worst Expected RER within a ROI
The types of links utilised in multi-hop broadcasting within a ROI of a highway
segment under free-flow is a probabilistic event. For the multi-hop forwarding
based broadcast scenario studied here, we assume an instance where the further-
most connected node is N -hops away from the connected RSU within the ROI
which is broadcasting the RSS feed. Firstly, the worst expected RER at the
furthermost node is estimated whilst the network is not supporting cooperative
diversity at the physical layer. Secondly, the same is calculated with cooperative
diversity support.
The number of each type of link within the connected N -hops are mainly
governed by the radio range, R, the inter-RSU distance, Du, and traffic flow den-
sity ρ. Without the cooperative diversity relaying in the physical layer, we assume
that in any N -hop link for a given R,Du, values the probability of occurrence of
a V 2I link to be p
V 2I
. Similarly, probability of occurrence of V2V links, to be
p
V 2V
.
The link composition changes when the physical layer supports cooperative
transmissions. For those situations, the probability of occurrence of V 2I links
are denoted by, p
′
V 2I
. Similarly, V 2V links, p
′
V 2V
, RSU cooperative (V IV ) links,
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p
′
V IV
and vehicular cooperative (VVV) links, p
′
V IV
. The simulations at the end
of this chapter estimates these link occurrence probabilities experimentally, in
multi-hop forwarding by analysing realistic traffic flows of various densities on a
given highway segment.
With the assumptions above, the worst expected RER experienced by the
furthermost node (vehicle or RSU) in a N -hop scenario can be estimated as
follows. First, the worst expected RER, P av,nc, of the system with no cooperative
relay assistance is expressed as,
P av,nc = 1−
∏
∀Xi
(
1− P
Xi
)Np
Xi (5.19)
where, X is the set, X = {V 2I, V 2V } and i ∈ {1, 2} Secondly, the worst expected
RER with cooperative diversity support, P av,c, in a N -hop scenario is given by,
P av,nc = 1−
∏
∀Yi
(
1− P
Yi
)Np′
Yi (5.20)
where, Y is the set, Y = {V 2I, V 2V, V IV, V V V } and i ∈ {1, 2, 3, 4}
5.5 Simulations
The mathematical analysis in previous sections pertaining to the multi-hop broad-
casting scenario within a ROI are simulated using realistic traffic flow data col-
lected in A7 highway of Rhone valley in France. The data was provided by
the Queensland University of Technology smart transport research group [111]
through their collaboration with the French institute of science and technology
for transport, development and networks (IFSTTAR) [112]. The availability of
data, format and clarity were the main concerns in selecting this data set for
simulations. The realistic traffic traces from the A7 highway located in the
south of Lyon, in the Rhone valley which connects northern and southern parts
of France are used to further verify the mathematical derivations. Figure 5.5
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Figure 5.5: Google map of A7 highway, Rhone valley France.
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Figure 5.6: The loop detectors shown captures the inter-vehicular time headways
which are used to estimate the inter-vehicular distances within the highlighted
ROIs
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shows a Google map view of this highway. We have selected the sample traffic
from the the period between 07/24/2007 to 09/13/2007. The times selected are
from 1.00 a.m - 3.00 a.m, where the traffic flow densities essentially create a free-
flow. A MATLAB program is used to capture the inter-vehicular distances within
selected ROIs. Then, the expected BER and of V2V, V2I, VIV and VVV links
are estimated by simulating 103 different connected multi-hop broadcast scenarios
within three different ROIs in the A7 highway. Furthermore, the simulation pro-
cess is repeated for different inter-RSU spacings within the selected time window.
These ROIs which are of 5000 m in length are highlighted in Figure 5.6.
It is assumed that a connected RSU at the the beginning of each ROI dis-
patches a RSS feed on traffic information to the vehicles within the ROI using
multi-hop forwarding. The simple broadcast protocol described in algorithm 4.1
is reused here as well.
5.5.1 Inter-vehicular Distance Distributions on A7 High-
way
This section demonstrates that the collected time headways from the loop detec-
tors are exponentially distributed. The loop detectors record the time between
two vehicles passing under them and their speeds. These information are used
to predict the inter-vehicular distances. An assumption is made that the spacing
between two vehicles passing a loop detector stays the same until those two vehi-
cles stay within the ROI. This assumption had to be made as aerial snapshots of
the ROIs are not available. This assumption can be justified as the traffic flows
are in a free-flow state and there were no on-off ramps along the lengths of the
ROIs.
The p.d.f of the inter vehicular distance distribution captured from the three
magnetic loop detectors PK33, PK98 and PK113 are shown in Figure 5.7. It is
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Figure 5.7: p.d.f s of the predicted inter-vehicular distance near the three loop
detectors (within ROIs) between 12.00 - 3.00 A.M on 1/08/2007
evident from the figures that the vehicle densities of the traffic flows are around
0.005 veh/m during the selected window and follow an exponential like distribu-
tion. Figure 5.8 illustrates the p.d.f of the inter-vehicular distance distribution
over the busy hours where the traffic flows are not essentially free-flow. It is
evident from Figure 5.8 that the distributions are non exponential during the
selected times.
5.5.2 Expected Error Performance of Different Types of
Links
The expected BER of the different types of links are compared in Figure 5.9.
The estimated free-flow traffic density on the east bound (lane of the ROIs) is
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Figure 5.8: p.d.f s of the predicted inter-vehicular distance near the three loop
detectors (within ROIs) between 7.00 - 10.00 A.M on 1/08/2007
0.0069 veh/m and while the vest bound lane occupies a density of 0.0059 veh/m
during the observation period. The expected BER monotonically increases with
the radio range for all types of links. The RSU cooperative links (VIV) has the
least expected BER for all radio ranges while the worst performer is the V2V
links. Similarly, the expected BER increases for the higher supporting data rates
as seen in Figure 5.9. The expected BER of a VIV link at a data rate of 20 Mbps
is approximately 10 times lower than that of a V2V link which highlights the gain
of cooperative communications. The analytical results shows a good agreement
with the simulated results for all scenarios.
The analytical expressions in (5.16) and (5.6) assume that the inter-RSU
distance within a ROI does not influence the expected BER of the RSU involving
V2I and V2V links. Figure 5.10 proves this assumption experimentally. It is
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Figure 5.9: Expected BER of different types of links for different radio ranges
and supporting data rates. The traffic flow density on the east and west bound
lanes are 0.0069 veh/m and 0.0059 veh/m. r
b
= 18 Mbps.
evident from the Figure 5.10 that the simulated results and the analytical results
have a good agreement.
5.5.3 Multi-hop Connectivity within ROIs
Multi-hop broadcasting within the ROIs depends on the instantaneous connectiv-
ity of the nodes at a given traffic flow density. Figure 5.11 plots the frequency and
c.d.fs of the connected hop counts from a broadcasting RSU for different inter-
RSU spacings and radio ranges. In Figure 5.11 (a), we can clearly see that when
Du is lower, the connected hop counts are more. Furthermore, this behaviour
is clearly illustrated from the c.d.f plot in (b). Similarly, in Figure 5.11 (c),
the frequency of the connected number of hops are larger when the radio range
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Figure 5.10: Expected BER of V2I and VIV links at different inter-RSU spacings
with traffic flow density 0.0069 veh/m and R = 200 m, Pt = 0.1 W, rb = 18 Mbps
is increased. Specifically, Figure 5.11 (d) illustrates that the largest connected
number of hops are around 17 with a radio range of 150 m whereas it can be up
to 32 with a radio range of 250 m.
5.5.4 Behaviour of Expected RERs
RSUs can be deployed uniformly or non-uniformly along a road segment of inter-
est. Non-uniform deployment of RSUs leads to varying inter-RSU distances. The
non-uniform deployment is suitable near on-ramps and off-ramps of the highway,
where the traffic patterns may vary abruptly during the busy periods. Further-
more, such non-uniform deployments could also be used in dense urban and urban
roads, after studying their historical traffic data, using special algorithms. Ref-
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Figure 5.11: a.) Connected hop number within ROI-1 for Du = 400, 800 m at
ρ = 0.0069 veh/m, R = 200 m, Pt = 0.1 W b.) c.d.f of the connected hop count
for Du = 400, 800 m c.) Connected hop number within ROI-1 for R = 150, 250
m at ρ = 0.0069 veh/m, Du = 500 m, Pt = 0.1 W d.) c.d.f of the connected hop
count for R = 150, 250 m
erences [113–115] present some of the work in open literature addressing this
problem.
In this section, we focus on uniform deployment of RSUs, which leads to
equal inter-RSU distance within a highway segment of length L m. Further-
more, we show that when cooperative diversity based communication is used
in VANETs, the connectivity can be improved and the use of RSUs could be
effectively minimised.
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Figure 5.12: The link occurrence probabilities with cooperative diversity support
(left) and without cooperative diversity support (right) at R = 200 m, Pt = 0.1
W
Link Occurrence Probabilities
Using the traffic data in the selected ROIs of A7 highway, the link occurrence
probabilities for different inter-RSU spacings are estimated experimentally in Fig-
ure 5.12. The radio range is fixed at R = 200 m and the estimated traffic flow
densities of the east and west bound lanes are 0.0069 veh/m and 0.0059 veh/m
respectively. In the first scenario, with the physical layers supporting cooperative
diversity four types of links are identified as discussed in previous sections. The
probabilities p
′
V 2I
and p
′
V IV
which represents the formation of the V2I and VIV
links with cooperative diversity at physical layer, decreases when Du is increased.
Inversely, p
′
V 2V
and p
′
V V V
increases with the large Du s. A similar, relationships
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Figure 5.13: Expected RER of a N = 15 hop broadcast link with and without the
physical layer supporting cooperative diversity for different values of Du . R = 200
m, Pt = 0.1 W, rb = 18 Mbps and ρ = 0.0069 veh/m for all the simulations.
can be observed for p
V 2V
and p
V 2I
in the right most figure. These probabilities are
used to estimate the worst expected RER for a N -hop broadcasting scenarios in
the next sub section
Expected RER of a N-hop Broadcast Scenario
Figure 5.13 illustrates the expected RER of a 15 hop link for different inter-RSU
spacings. The radio range, transmit power and the supporting data rates are fixed
for all simulations. The expected BER of the different types of links are estimated
using the headway data collected from three previously highlighted ROIs. The
estimated link occurrence probabilities are used to determine the compositions of
each type of link at different values of Du. As clearly seen in Figure 5.13, the worst
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expected RER increases with Du. For Du = 450 m, the worst expected RER with
cooperative diversity support is roughly 1%, while without cooperative diversity
the same increases to 2.5%. This is a 1.5 times approximate improvement on
the reduction of worst expected RER. Interestingly, with cooperative diversity
support, decreasing the inter-RSU distance from 600 m to 450 m decreases the
expected RER by a 0.63%. Without the cooperative diversity support, the same
change in Du only decreases the expected RER by 0.23%. These observations
prove that the use of standalone RSUs would be more effective in the presence of
cooperative diversity.
5.6 Conclusions
This chapter studied the usage of standalone RSUs for multi-hop broadcasting
which are uniformly distributed along a highway segment under free-flow traffic.
An assumption was made on the standalone RSUs, stating that they are only ca-
pable of performing basic amplify and forward operations on the received frames
while having some buffering capacity. The worst expected RER for a N -hop
broadcast link within an ROI was estimated for systems with and without coop-
erative diversity support. The results indicated that the presence of cooperative
diversity in the physical layer could significantly reduce the requirement of the
number of standalone RSUs to be deployed to cover a certain ROI. In the next
chapter, we investigate the influences of cooperative relay based communications
on the performance of the routing layer of vehicular networks.

Chapter 6
Network Layer Performance
Enhancement with Orthogonal
Cooperative Diversity in
VANETs
The focus of the previous chapters of this thesis was primarily on the physi-
cal layer error performance and outage probabilities of vehicular communications
in the presence of relay assisted cooperative diversity techniques. This chapter
focuses on the multi-hop forwarding, or routing, from the network layer perspec-
tive. In VANETs, the vehicles, which may act as routers or clients are connected
with unreliable radio links. This makes routing in VANETs a unique and com-
plex problem. Previous research in the domain of conventional ad-hoc networks
suggests that cooperative diversity would be an ideal candidate to improve the
reliability of routing significantly.
Initially, the Greedy Perimeter Stateless Routing (GPSR) [116] protocol was
chosen. GPSR is a well established ad-hoc network routing protocol with proven
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performance. Then, relay assisted orthogonal cooperative diversity transmissions
are used at each possible hop for multi-hop forwarding in a VANET. In con-
trast to the previous research attempts, this chapter identifies and solves the
relay selection process in relay assisted cooperative diversity based routing as a
Multi-Objective Decision Making (MODM) problem. Lastly, a VANET unicast
routing scenario is simulated using realistic vehicular traces to verify the proposed
methodology.
This chapter is organised in the following manner. In Section 6.1, an outline
of the background research is presented. The details of the system description
are given in Section 6.2. Section 6.3 formulates the relay selection as a MODM
problem. Simulations of the proposed methodology and the results are provided
in Section 6.4. We conclude the chapter with a summary of the findings in Section
6.5.
6.1 Introduction
The traditional routing protocols in ad-hoc networks can have major failures
when they are applied to the VANET domain [117]. As we have stressed in the
previous chapters, the nature of the radio environment in VANETs is dynamic
and unpredictable (e.g. [118]) such that routing becomes a complex problem
compared to the conventional mobile ad-hoc networks. Moreover, the frequent
disconnections in the VANET topology makes packet delivery more difficult.
Employing cooperative relays to improve performance of routing protocols is
an effective approach for VANETs. Descending from the work in [21] and [22, 23],
some researchers have attempted to use this concept to enhance the performance
of MANETs [119, 120]. Even though there are many research attempts to in-
crease the physical layer performance using cooperative relays, less work can be
found which attempts to improve and optimise the routing layer. Chen et.al [121]
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and Ding et.al [122] are among the few researchers who discuss the feasibility of
cross layer optimisation of routing using cooperative relays. However the relay-
ing mechanism employed becomes vulnerable in VANETs when the nodes start
moving rapidly.
Recently, there have been increased interest on utilising relays in enhancing
the vehicular communications. In [123], the group mobility patterns of vehicles
in highways are studied and a clustering mechanism is proposed for multi-hop
communications. The inter-cluster communications are performed using mobile
relays. However, the use of cooperation is not emphasised. Furthermore, in
[124] a path selection algorithm is proposed for multi-hop VANETs. The packet
collisions are minimised and the SNR is guaranteed by the algorithm for multi-
hop communications in cluster based routing approach. Even though the path
selection mechanisms and end-to-end results are impressive the performance could
further be enhanced using cooperative transmissions.
With security becoming an important objective in VANETs, the work in [125]
proposes a joint design for security and QoS provisioning in VANETs within a
cooperative communication framework. Their idea of merging QoS and security
adds a novel dimension to the information dissemination schemes in VANETs.
However, the relaying mechanisms considered in their contribution does not con-
sidered exploitation of diversity paths. In contrast the contributions in this chap-
ter utilise the cooperative diversity to maximise the communication performance.
This chapter presents an extension of GPSR [116], which is noted as CO-
GPSR. CO-GPSR uses alternative vehicular nodes in a specific neighbour table as
potential relays to repair the routing path failures due to difficult radio conditions.
This paradigm is formulated as a MODM problem [126] which searches for optimal
relays for path repairing when improving routing performance further. In position
based routing, the path length is a significant metric of performance. The addition
of cooperative assisting relays obviously adds more path length. However, for the
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relaying function to be successful, relay nodes should be selected such that end-
to-end reliability of data delivery is optimal. These constraints are used to form
a MODM problem.
Using cooperative relaying to improve performance in wireless networks was
first proposed in [21–23]. The research following this concept and ad-hoc networks
has the potential to benefit the most. In ad-hoc networks, routing is a distributed
function and direct cooperation among nodes is an integral par of it. Luo et.al
[100] proposed three approaches to use cooperative relays in a ad-hoc network for
routing.
1. Relay-by-flooding : the message is propagated by flooding and multiple
hops.
2. Relay-assisted-routing : uses cooperative nodes of an existing route.
3. Relay-enhanced routing : adds cooperative nodes to an existing route.
The relaying technique used in this chapter belongs to the second category.
The relay selection in [100] is a single criteria optimisation problem. This chapter
argues that this approach is not optimal in optimising relay assisted routing
in VANETs. Luo et.al selected the node with the best SNR of the available
neighbours as the cooperative assisting relay for a particular node. Such relay
selection in dynamic networks like VANETs can often be non optimised in terms
of overall routing performance. The authors of [100] do not asses their proposal
with networks similar to VANETs. However, this chapter evaluates the proposed
routing protocol with a realistic VANET environment. In [121] a cooperative
relay based routing protocol was proposed called CLCR. CLCR also belongs to
the Relay-assisted-routing family. The relay selection described in [121] is similar
to [100] and based on a single criteria maximisation (SNR).
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The work in [127] discussed distributed energy-efficient cooperative routing
in wireless networks. Their research was one of the first papers, which pro-
posed the optimisation of the cooperative relay assisted routing paradigm. How-
ever, the methodology proposed focused on the conventional ad-hoc networks
and minimised the total transmit power consumed in a N -hop path. The al-
gorithm searches all possible routing paths and cooperative assisting relays be-
tween a specific source and destination node. This approach is different from the
methodology proposed in this chapter, as it optimises a single global criterion.
In [122] authors propose cross layer routing optimisation which imposes con-
straints on the end-to-end delay and transmission power which also falls into the
category of Relay-assisted-routing. The type of routing protocol which can use
the criteria defined in [122], is not clearly specified and not tested for a realis-
tic VANET environment. However, the formulation of their routing problem is
mainly based on transmit power at each node, which is a local criteria, as opposed
to the MODM approach proposed in this chapter.
A cross layer framework to exploit virtual Multiple Input Single Output
(MISO) is proposed in [119]. This work is not directly intended for VANETs but
proposed for mobile ad-hoc networks in general. They use multiple relay nodes
rather than single relay. However, for VANETs with frequent disconnections this
can be a heavy overhead. This approach belongs to Relay-enhanced routing. All
the nodes within a predefined range are selected as potential relays in virtual
MISO. This approach is not tested in a VANET environment and a question
remains on its suitability for VANETs.
In [120] a cooperative geographic routing scheme is proposed which defines
Symbol Error Rate (SER) constraints on the overall performance. Here the op-
timal relay positions are discovered based on node replies with in an expiration
of a timer set off at the point of receiving an information packet. The scheme
is not bound to a comprehensive VANET routing scheme and depends greedy
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forwarding. The authors demonstrate the gains achieved by the approach clearly.
However, the relay selection in this approach is a single criterion maximisation
in contrast to the multi-objective criteria considered in this chapter.
This chapter proposes to integrate the cooperative relaying in routing deci-
sion at the networking layer. In contrast, the previous approaches have considered
relaying and routing separately [3, 120, 121]. Similar work in [119, 120], do not
optimise the relay selection decision in cooperative relay assisted routing.
6.1.1 GPSR Protocol
GPSR routing for ad-hoc networks was first presented by Karp et.al in [116].
The flexibility of this protocol to the ad-hoc networking domain has made it a ma-
jor research interest. Many versions of GPSR were later developed corresponding
to VANET environments [18]. In GPSR routing, a simple greedy mode decision
is taken at each node. When a node receives a packet, if it is not addressed to
itself the forwarding process will be triggered. A node will always look to forward
the packets to a destination which is closer to the final destination than itself
chosen from it’s neighbours.
The greedy forwarding may not always work if a packet reaches a node which
does not have any neighbouring node close to the ultimate destination than itself.
This situation is known as a local maximum. To recover from such situations
GPSR use graph plagiarisation and the right hand rule of graph traversal. The
plagiarisation can be in two forms which are Relative Neighbourhood Graphs or
Gabriel Graphs. The entire routing process is based on the immediate neighbour
information held at each node. Updating the neighbour information is done using
periodic beaconing. A periodic HELLO is transmitted by all the nodes containing
information about their location which is used to construct the neighbour table.
GPSR needs geographical information of nodes for its operation. The proposed
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CO-GPSR protocol is based on the GPSR operatives.
Related Protocols
Due to the versatility and applicability of GPSR in the vehicular domain, there
have been many extensions of the GPSR protocol. One of the main reasons
for GPSR to be adopted as VANET routing mechanism is it’s position based
decision making framework. The location of each and every node participating
in a VANET is critical for successful end-to-end information dissemination and
GPSR depends on node locality. However, GPSR has few weaknesses in vehicular
environments. According to [18] in city scenarios, greedy forwarding can often
be restricted because direct communications between nodes may not exist due to
obstacles such as buildings and trees. Sometimes packets may get forwarded to
the wrong direction leading higher delays or even network partitions. CO-GPSR
proposed here uses cooperative diversity based communications, which is expected
to counteract such packet losses which previous research has not touched.
Lochert et al. proposed another version of GPSR known as Geographic
Source Routing (GSR) [128]which assumes the aid of a street map in city en-
vironments. GSR is based on anchoring the data forwarding decisions over the
street junctions. GSR performs better than GPSR in terms of end-to-end packet
delivery. Greedy perimeter coordinated routing (GPCR) [129] is another protocol
related to GPSR which again takes the routing decisions based on junctions of
a street map. Different to GSR, GPCR does not need to be fed with map data
to operate. Instead, GPCR uses the graph plagiarisation at junctions detected
though the graph and greedy forwarding at street sections. In [130], an evolved
version of GPCR is proposed, named as GPSR Junction+ (GPSRJ+). GPSRJ+
is shown to be performing better than all of it’s predecessors in terms of end-to-
end delivery ratio and delay. GPSRJ+ algorithms are based on predictions on
the position of neighbour nodes while forwarding packets and have a lower graph
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planarisation overhead.
The variants of GPSR described above are based on the paramount objective
of improving end-to-end delivery and do not consider the packet losses due to poor
radio conditions in contrast to the CO-GPSR protocol proposed in this chapter.
The approach taken in CO-GPSR protocol can be applied to any of these variants
to establish a cooperative diversity based packet forwarding at each and every
local hop, with in a multi-hop path established. However, in this chapter, we base
our analysis on the basic GPSR protocol to simplify the analysis and application
in the variant protocols are reserved for future analysis.
6.2 System Model
The base protocol used in this analysis is the GPSR protocol described above.
The cooperative relay assisted extension of the GPSR protocol is noted as CO-
GPSR.
6.2.1 CO-GPSR
CO-GPSR exploits the path diversity using cooperative relays. An oper-
ational instance of CO-GPSR in a typical highway environment is depicted in
Figure 6.1. The relay selection here is done on a hop-by-hop basis. Cooperative
relaying is attached to the next hop selection in traditional GPSR and no ad-
ditional overhead is required. The operatives of the CO-GPSR are outlined in
Table 6.1.
When GPSR is in its greedy mode it is more likely that the chosen next hop
is always in the edge of the coverage area of the forwarding node. Due to this
reason, GPSR can have high percentage of packets been lost due to physical layer
errors. In CO-GPSR the routing layer is informed when the MAC layer fails to
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Figure 6.1: Multi-hop forwarding in a VANET established on a highway with
relay assisted CO-GPSR
deliver a data frame due to poor radio conditions and the network layer initiates
relay search. Two extra data fields are added to the packet header to support
this process which is realised in NS-2 simulator.
6.2.2 Complexity of CO-GPSR
The complexity of the proposed CO-GPSR protocol is similar to it’s predecessor
GPSR protocol. However, the proposed optimised relay selection is expected to
take place dynamically which would add additional processing requirement on
the participating nodes. In addition, the computational complexity would rise
in a neighbour rich environment as more CSI would be inquired while selecting
optimal relay nodes. For example, if we assume that for a specific source and
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Step Operative
1 As seen in Figure 6.1 any source vehicle v1 and destination vehicle vN first
establish a N -hop forwarding path using GPSR protocol at the network
layer
2 Set of pilot frames are exchanged between v1 and vN and links with SNRs
falling below a threshold SNR γt, are identified
3 Then, for an identified poor link v
i,i+1
, composed of nodes v
i
, v
i+1
, i ≤ N ,
search their neighbour tables for prospective relay nodes
4 At first, greedily, each poor link v
i,i+1
, selects the node closest to v
i+1
as the cooperative assisting relay. These relays are expected to perform
orthogonal AF operation to the receiving frames and if a relay is not
found the communication persists with direct link v
i,i+1
5 Second set of pilot frames are exchanged between the source and desti-
nation
6 At each link v
i,i+1
, the contributing node pair performs MODM contin-
uously during the data exchange session to select optimal cooperative
relay for each frame
Table 6.1: Operational procedure of CO-GPSR
destination node have N neighbours each and they come up with m potential
relaying nodes, the computational complexity in the CO-GPSR protocol would be
O (2N +m) which is linear.However, the complexity is dependent on the number
of neighbouring nodes.
6.3 Relay Selection as a MODM Problem
In VANETs, cooperative relay assisted routing could easily be less efficient if the
relays are not selected with awareness on the end-to-end path. The previous
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i,i+1
. Three
relays are available for MODM
research defined constraints on a single criteria like SNR, power consumption or
SER of individual links in optimising the relay selection decision. This chapter
argues that the selection criteria should be based on multiple objectives. To cater
this requirement, the selection of the cooperative assisting relay is modelled as a
MODM problem.
MODM is a well established branch of Operational Research which has appli-
cations in a variety of fields [126, 131]. In formulating this problem, the objective
functions f
i
are defined in following manner to select the best possible relaying
vehicle for a given link v
i,i+1
a solution set Θ, the potential set of relaying vehicles.
1. f1 : min
(
dvi,rj
+ dvrj ,i+1
)
: A relaying node is selected for cooperative di-
versity assistance, when a specific link is highly erroneous and data frames
will be routed though the relay path which adds additional distance to be
traversed. This is an objective which should be minimised
2. f2 : d
2
0 ≥ d2vi,rj +d
2
vrj ,i+1
: For a specific vehicle, the neighbour nodes can be in
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a 3600 perimeter. However, in GPSR, a packet should always be transmitted
to an intermediate node closer to the final destination. To satisfy this need,
the objective function f2 is set, such that a neighbour node can only be a
relay if it is inside a circular area C of diameter d0 as shown in Figure 6.2
3. f3 : γvi,rj ,i+1
≥ γt : This objective function defines the SNR requirement for
a selected relay path. The SNR of the amplified signal through relay r
j
,
γvi,rj ,i+1
, should greater than a selected SNR threshold γt
These objectives are defined for each link using cooperative relay assistance
in a multi-hop forwarding path between a specific source and destination. Then,
the each link solves the MODM problem to opt the best relay for a data commu-
nication session. The objective functions can be extended further with different
criteria. For an example the node velocity can be a critical objective that should
be optimised to select long lasting relays. However, objective functions like end-
to-end dearly or overall throughput with a global sense could bit overwhelming
for a greedy position based routing protocol like GPSR.
The received SNR γv
i,rj ,i+1
, at v
i+1
through each relay r
j
is estimated and
passed to the network layer which performs MODM. For any intermediate for-
warding link v
i,i+1
in the routing path of a data frame p, there is a vector Γ, which
represents the relay path SNR values for the objective function f3,
Γ =
[
γvi,r1 ,i+1
, γvi,r2 ,i+1
, ..., γvi,rm,i+1
]T
(6.1)
assuming there are m relays are satisfying f2 . However, when subjected to f3 the
vector Γ will be restrained to m
′
(≤ m) elements. The resulting vector Γ′ will be,
Γ
′
=
[
γvi,r1 ,i+1
, γvi,r2 ,i+1
, ..., γvi,r
m
′ ,i+1
]T
(6.2)
where, γvi,r
k
,i+1
≥ γt for k = 1 . . .m′ . For the same link, the path length objective
function values is a vector D, given by,
D =
[(
dvi,r1
+ dvr1 ,i+1
)
,
(
dvi,r2
+ dvr2 ,i+1
)
, . . . ,
(
dvi,r
m′
+ dvr
m′ ,i+1
)]T
(6.3)
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The values of the objective function f1 , is a vector the set of neighbours of node
v
i+1
and denoted by the vector Θ,
Θ =
[
r1 , r2 , . . . , rmt
]T
(6.4)
where, mt ≥ m′ is the number of neighbour nodes of vi+1 .
Next, the Aggregate Objective Functions (AOF) [126] for each relay path
of link v
i,i+1
, F
j
is formulated to perform MODM at the network layer as given
below. The weighted product method is used to define the AOF [126].
F
j
=
3∏
k=1
fk
wk (6.5)
In equation (6.5) w
k
’s are scalars which reflect the negative or positive influence
towards the decision and
∑3
k=1wk = 1. The values of wk could be predefined to
bias the decision towards a certain objective or optimised for each frame which
passes though the link. However, such a process would add cumbersome overheads
in a dynamic vehicular data dissemination session. Then, a preference vector Φ
is defined with following elements,
Φ =
[
φ1 , φ2 . . . . , φ′m
]T
(6.6)
where,
φ
j
=
∏3
k=1 fk
w
k∏3
k=1 f
∗
k
w
k
(6.7)
where, f ∗k = max(fk) and 0 ≤ φj ≤ 1. The greater the value of φj , more preference
is given to the corresponding relay node r
j
. The AOF values about will not be
effected by values in Γ
′
, which are greater than the threshold SNR target γt
described above. According to (6.7), the AOF values are always maximised and
the maximum relays provisioning maximum SNR samples will be selected.
For a specific end to end path of M hops, between a source v1 and destination
an ultimate destination v
M
, assume there are e ≤M erroneous links, where SNR
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fall below γt. Therefore, a preference matrix Ω could be defined for this path,
composed of the preference vectors,
Ω =

φ1,1 φ1,2 φ1,3 . . . φ1,m 0 . . . 0
φ2,1 φ2,2 φ2,3 . . . φ1,m φ1,m+1 . . . φ1,mˆ
...
...
...
. . . . . . . . . . . . 0
φ
k,1
φ
k,2
0 . . . 0 0 . . . 0
...
...
...
. . . . . . . . . . . . 0
φe,1 φe,2 φe,3 φe,4 . . . 0 . . . 0

e×mˆ
(6.8)
For the selected instance above, the matrix Ω is constructed with, φ
k,j
representing
the preference function value for poor link k ≤ e and relay j. Here, mˆ represents
the maximum number of relays available for any poor link out of e links.
The matrix Ω could be used to optimise the performance of the CO-GPSR
protocol proposed here subjected to a global criteria if required. However, pre-
serving the greedy approach we chose the maximum values of each preference
vector Φ individually in this chapter. Optimising the element values of Ω sub-
jected to a global end-to-end criteria is left for future research.
6.3.1 MODM Algorithm for Relay Selection
In Algorithm 6.1 below, the implementation of the MODM for relay selection at
the network layer of each node is presented.
6.4 Simulations and Results
The NS-2 platform is used for the simulation in this chapter. The selection of
NS-2 simulator here over the OmNeT++ simulator used in the previous chapters
6.4 Simulations and Results 129
Algorithm 6.1: Optimization of GPSR path repairing using MODM at a link
v
i,i+1
Require: Optimum Relay ∈ GPSR Neighbors
w1 = w1 , w2 = w2 , w3 = w3
φt ← 0, φm ← 0, f1 ← 0, f2 ← 0, f3 ← 0, f ∗ ← 0
if Θ ≡ NULL then
return NULL
else
for all r
j
∈ Θ do
f1 ← dvi,rj + dvrj ,i+1
f2 ← d20 −
(
d2
vi,rj
+ d2
vrj ,i+1
)
f3 ← γvi,rj ,i+1
f ∗ = max {f1 , f2 , f3}
if f2 ≤ 0 then
φt ←
∏3
k=1 fk
w
k∏3
j=1 f
∗
k
w
k
if φt ≥ φm then
φm ← φt
Optimum Relay← r
j
end if
end if
end for
end if
return Optimum Relay
is the availability of the GPSR protocol. NS-2 release 2.34 used here has a compre-
hensive source codes of the GPSR protocol which makes it convenient for modifi-
cation. Realistic road traffic traces available from http://www.lst.inf.ethz.ch/research/ad-
hoc/car-traces are used for the creation of road traffic network.
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In the previous Chapters it was stressed that the vehicle to vehicle channel is
well represented with a cascaded Rayleigh fading process statistically. However,
the NS-2 simulator does not possess a perfectly fine tuned radio channel repre-
sentation for the vehicular communications. Therefore, following the guidelines
provided by [117] the Nakagami-m model is used with the tuned values in the
simulations. The p.d.f, Ψ (x) of the received power for Nakagami model is given
by,
Ψ (x) =
(m
Ω
)m xm−1
Γ(m)
exp
[
−mx
Ω
]
(6.9)
where, Ω is the average received power, m is the shape or fading parameter and
x ≥ 0. As defined in [132], Table 6.2 shows the tuned Nakagami parameter values
for a vehicular communication setting in NS-2.
Table 6.2: NS-2 Nakagami fading parameters used in simulation TCL Script
Parameter Value
γ0 1.9
γ1 3.8
γ2 3.8
d0,γ 200
d1,γ 500
use nakagami dist true
m0 1.5
m1 0.75
m2 0.75
d0,m 80
d1,m 200
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Table 6.3: Simulation Settings
Parameter Value
Tx. Power 0.25 W
Carrier sense threshold 3.98107 x 10−9W
Frequency 5.9 x 109Hz
Propagation Model Nakagami
MAC IEEE 802.11Ext
Network interface WirelessPhyExt
Noise floor 1.26× 10−13W
6.4.1 Simulation Scenarios
In this Section two simulation scenarios are used to evaluate the protocol perfor-
mance. Constant Bit Rate (CBR) connections are created between selected source
and destination vehicle pairs and the packet delivery success rate is measured.
The delivery success ratios are compared between the conventional GPSR pro-
tocol and CO-GPSR extension. Furthermore, to highlight the potential gains of
MODM, performance of CO-GPSR is also compared to cooperative realy assisted
version of GPSR which uses the relay with the best relay path SNR. Each CBR
connection exists for 80 s. Table 6.3 shows NS-2 simulator common parameters.
The two simulation scenarios are given below,
1. Random movement patterns in a 500×500m2 area with nodes speeds in the
range of 30 km/h to 100 km/h with the number of nodes varied form 20 to
50. 20 different random node pairs are selected as source and destination :
This scenario test a conventional ad-hoc type network and not specific to a
VANET
2. Realistic vehicular traces from a multi agent microscopic traffic simulator
used with different densities are used. Vehicles moving along a highway seg-
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ment of length 2000 m in both directions are used to establish CBR data
connections. The average number of vehicles residing inside the selected
highway segment is set by the simulator. The instances where there are
100, 150, 285 vehicles are created representing low, medium and high vehic-
ular traffic densities. For the data simulation sessions, 50 different random
vehicle pairs are used as source and destination
For above all simulations, 95% of the time all the individual measurements were
having deviations in the range of −1% to +1% with the average packet delivery
success rate.
6.4.2 Evaluation of the Proposed Protocols through Sim-
ulations
Figure 6.3 shows the packet delivery ratio of the three routing protocols in a
500 × 500 m2 area when the number of nodes are varied from 20 to 50. The
conventional GPSR has a packet delivery ratio around 30% when there are 20
nodes. This is due to the low node density and larger hop lengths. However, under
the similar conditions CO-GPSR without MODM in cooperative relay selection
delivers around 50% which is roughly a 1.7 times improvement. This improvement
is due to a simple and greedy single objective maximisation approach similar to
[119–122]. Furthermore, while using MODM for cooperative relay selection, the
performance is increased up to 65% which is roughly two times improvement in
comparison with conventional GPSR.
In all three protocol versions performance keep increasing with the increasing
number of nodes up to around 40 nodes in the considered area. However, the
margin of performance increment reduces with the node density. This is due to
the availability of shorter and reliable paths with the increasing number of nodes
and less number of links using cooperative assisting relays. It is also evident
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Figure 6.3: Packet delivery success rate for varying vehicle densities in a 500 ×
500 m2 area. GPSR beacon interval B = 5.0 s
from Figure 6.3 that, when the number of nodes are more than 40, performance
decreases in all three protocols due to more interference experienced by the MAC.
Interestingly, the outcomes suggest that with MODM in the network layer for
selecting relays, the cooperative relay assisted routing could be further optimised
to gain better performance. This process could further be optimised by tuning
the preference matrix based on end-to-end criteria. However, such an overhead
could be overwhelming to be used in real-time in VANETs.
Figure 6.4 presents the results of the second simulation scenario using real-
istic vehicular traces. CO-GPSR with MODM performs better than the others
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Figure 6.4: Packet delivery success rate for varying vehicle densities along a
Highway with speeds up to 100 km/h. GPSR beacon interval B = 5.0 s
under all vehicular densities in the selected highway segment. With MODM, CO-
GPSR performs 1.75 times better than the conventional GPSR. The same drops
down to 1.4 times with no MODM in CO-GPSR at low vehicle densities. Similar
to the observation in Figure 6.3, when the node density is increased the perfor-
mance increment reduces due to less utilisation of cooperative assisting relays,
as relaying is encouraged for links falling below a threshold SNR. The protocol
could be forced to use cooperative relay assistance at all hops to have increased
delivery rates. However, that would add more delays in end-to-end delivery. The
analysis of end-to-end delay is left for future research.
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6.5 Conclusion
In contrast to the work presented in Chapters 3, 4 and 5, this chapter focused
on the network layer performance enhancement of VANETs using cooperative
relay assisted routing paradigm. Initially, the GPSR protocol, which is a well
established greedy routing protocol for ad-hoc networks was selected. Then,
using a cooperative relay assisted paradigm, the GPSR protocol was improved
and the relay selection decision was modeled as a MODM problem. The proposed
extension was implemented in the NS-2 simulation platform and tested using
two simulation scenarios. The first simulation scenario was based on random
movements of nodes in a 500× 500 m2 area, while the second simulation scenario
done using realistic vehicular traffic traces in a selected highway segment. A
CBR data connection between random node pairs was used to estimate the packet
delivery success rate for all scenarios. The outcomes suggest that with the MODM
approach, the cooperative relay assisted routing could be further improved in
terms of delivery reliability.
Up to this point the thesis has analysed the utilisation of orthogonal coop-
erative diversity protocols in the context of vehicular communications. However,
to cater for the increasing data requirements while maintaining the reliability of
vehicular communications, non-orthogonal cooperative diversity protocols should
be adopted. Thus a comprehensive analysis of the nature and applicability of non-
orthogonal cooperative diversity in urban and highway VANETs is presented in
the final two chapters.

Chapter 7
MIMO Enhanced Slotted
Cooperation for Urban Vehicular
Communications
In previous chapters, we discussed the application of orthogonal cooperative di-
versity protocols in the context of vehicular communications. However, with the
increase in demand for data hungry applications the non-orthogonal coopera-
tive diversity can also also be exploited to improve the throughput. Inherently,
the orthogonal cooperative diversity protocols do not fully utilise the available
channel resources and are spectrally inefficient compared to the non-orthogonal
cooperative diversity protocols.
This chapter in particular, considers the SAF protocol, which promises the
best DMT performance among the family of non-orthogonal cooperative diversity
protocols. Therefore, SAF becomes an automatic choice for vehicular commu-
nications, specifically in urban intersections where potential relaying nodes are
highly likely to be available. Eventhough, this protocol is attractive and applica-
ble for an urban intersection vehicular communications scenario, some practical
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limitations still exist. Most importantly, SAF protocol requires the contributing
relay nodes to be isolated during transmission, or in other words the inter-relay-
interference (IRI) needs to be a minimum. In combating this, authors in [2]
proposed a scheduling scheme which orders the transmissions among the relays
such that they cause minimum or no IRI. However, this proposal may not be
viable in a confined urban intersection with vehicles clustered tightly. Moreover,
such a scheduling process is an additional burden which may not be bearable by
spontaneous and dynamic vehicular communication links.
To address, the aforementioned issues in SAF protocol in the context of a
vehicular communication, we propose a MIMO based reception scheme to elimi-
nate IRI at the relay nodes during a cooperative communication frame. Then, a
mathematical interpretation is given on the process of IRI removal at the relays.
Furthermore, a comprehensive DMT analysis is provided and compared with
similar protocols to show that the gains are not compromised in the process.
In addition, the outage performance of the extended protocol is simulated and
compared with several other orthogonal and non-orthogonal cooperative diversity
protocols.
The organisation of this chapter is as follows. In Section 7.1, we discuss the
background literature on the SAF protocol and DMT. Section 7.2 describes the
system model and the relevant assumptions for the analysis. A comprehensive
DMT Analysis is provided in Section 7.3. A graphical representation of the
results and a discussion is provided under Section 7.4. Finally, Section 7.5 draws
the conclusions and the summary of the chapter.
7.1 Introduction
In previous chapters we stressed on the findings of [3], where orthogonal cooper-
ative diversity protocols were applied in a vehicular environment to gain superior
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performance for error rates and power utilisation. One might argue, that the
future VANETs will have to cater for higher data rates while being reliable. The
orthogonal approach taken in [3] will have to be extended towards non-orthogonal
frameworks to support such performance enhancements. There are significant re-
search efforts in non-orthogonal cooperative protocols focusing conventional mo-
bile cellular networks. However, similar work hinged on VANETs are extremely
rare.
DMT, formulated by the authors of [68] is used as one of the fundamental
analytical tools to evaluate the performance of the cooperative diversity protocols.
The Non-orthogonal AF protocol presented in [54] showed improved performance
than the previously proposed Space Time Coded (STC) cooperative protocols
without the requirement of decoding/encoding at the relays. Additionally, the
Dynamic Decode and Forward (DDF) [54] protocol dominates all non-orthogonal
amplify and forward protocols for any arbitrary multiplexing gain.
In [1], a decode and forward protocol known as Two-Path Half Duplex Re-
laying was analysed, which uses two selected relay nodes to alternatively decode
and forward information to a destination node during a cooperative frame of
arbitrary length. However, their approach neither consider relay selection nor
isolation in contrast with the proposed scheme in this chapter. Furthermore, the
scheme demands the relays to fully decode the symbols which could add extra
processing burden in VANETs. In this chapter, we focus on AF relays in contrast
to the DF relays used in [1]. Furthermore, a MIMO based reception at the relay
nodes is used to achieve a virtual decoding function.
As introduced previously, SAF protocol achieves a superior DMT to all
known cooperative protocols and reaches the MISO bound when the number
of time slots in the cooperation frame is infinite. Slotted Amplify Decode and
Forward (SADF) protocol [133] extends the SAF protocol by separating the avail-
able relays in to two groups, namely AF and DF for a specific cooperation frame.
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Figure 7.1: Vehicular relaying scenario with MIMO reception at the relay
SADF protocol has DMT performance similar to SAF protocol and has better
outage performance than SAF protocol. A common problem in the family of SAF
protocols is the assumption of relay isolation which is less practical in VANET
environments.
Motivated by the performance gains of previously described slotted coop-
erative protocols, this chapter investigate their applicability in urban VANETs.
VANETs in urban environments can often have link disruptions caused by un-
avoidable shadowing due to road structure and moving traffic. V2V links can also
be subjected to severe fading, particularly at high relative velocities. Figure 7.1
illustrates a typical urban intersection where a source vehicle is trying to commu-
nicate with a destination vehicle around a street corner where LOS link is heavily
obstructed. In such scenarios, slotted cooperative protocols could be an ideal
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choice, looking at the availability of potential relays and roadside infrastructure
to manipulate the scheduling among nodes.
A foreseeable bottleneck for SAF protocols operating in urban vehicular
networks arises from the inability to avoid interference between relays. Urban
VANETs operate in confined spaces restricted by the road structure and rules,
which keeps dynamically changing as vehicles move. The broadcast advantage
presented by such environments can lead to its own downfall for slotted cooper-
ative protocols. The original work on SAF [2] proposed to minimise IRI using
scheduling techniques where they cluster the participating relays in to groups.
The groups are such that they are perfectly isolated from each other. The time
slots are allocated from each group adjacently and hence IRI is eliminated. This,
method is suitable for a conventional wireless network which is far less dynamic
compared to a VANET. With limited infrastructure support, the task of schedul-
ing would have to be performed by the source or destination nodes. Therefore,
additional delays would have to be tolerated. Therefore, rather than assuming
the relays to be isolated, a practical approach is required. As a plausible remedy
to isolate relays for slotted cooperative transmissions, we propose to use MIMO
reception for relays in receiving mode.
Using MIMO in VANETs is a relatively new area of research which opens
up plethora of applications. In [48] and references therein have discussed the
potential benefits of using MIMO technology in VANETs. Due to availability
of ample amounts of space, power and processing capabilities, a vehicles rooftop
becomes an ideal platform to mount MIMO antenna systems. Even with these
attractive benefits, pragmatic solutions combining cooperative diversity and ve-
hicular MIMO systems is yet to be found. This chapter provides an initiative to
fill this research gap.
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7.1.1 Definitions
This section presents some of the definitions and notations used throughout this
chapter. First, the system signal-to-noise ratio SNR is denoted by ρ. Following
[54], the exponential order b of a function f(ρ) is defined as,
lim
ρ→∞
log f(ρ)
log ρ
= b
E {·} is the expectation operator. X† denote the Hermitian transpose of the
vector X. (x)+ is used to represent max{0, x}. Bold fonts represent vectors
with appropriate dimensions. Following asymptotic equalities and inequalities
are presented in concise form as shown.
lim
ρ→∞
log f(ρ)
log ρ
= b⇒ f(ρ) .= b
lim
ρ→∞
log f(ρ)
log ρ
≤ b⇒ f(ρ) .≤ b
lim
ρ→∞
log f(ρ)
log ρ
≥ b⇒ f(ρ) .≥ b
7.2 System Model
A vehicular communication scenario in an urban intersection is considered as
shown in Figure 7.1. It is assumed that each vehicle is equipped with two anten-
nas and operate in half-duplex mode. This assumption is more appropriate for
vehicular networks considering the ample space on vehicle rooftops, availability
of power and processing capabilities. In realisation, there can be some vehicles
in the network which are not equipped with two antennas. These terminals will
not be able to act as relays.
Equipped with two antennas, the vehicles become eligible to establish 2× 2
MIMO channels with each other provided that they have appropriate process-
ing circuitry. However, this chapter focuses on using two antenna terminals and
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MIMO principles in enabling urban vehicular networks to support SAF protocols
in a practical sense. Therefore, using MIMO communications for data transmis-
sion and relay selection is not considered, which is out of the scope of the selected
objective. It should also be noted that the urban vehicular networks may need to
support reliable communication at higher data rates for applications associated
with digital media. For such occasions, as stated previously the SAF protocols
will be an ideal candidate to meet the communication requirements. However, for
other instances where vehicle to vehicle communication is required 2× 2 MIMO
links can be formed using the two antennas in each vehicle, which will boost the
overall performance of the network.
With the assumption of using two antenna terminals at each vehicle involved,
raises the question of why not using more antennas. Using more than two anten-
nas is entirely possible on a vehicle rooftop with ample space compared to the
operating wavelength (λ) at 5.9 GHz which is around 50 cm. The main objective
of using least number of antennas is to minimise the processing load and the costs
involved.
The communicating vehicles use both antennas only while receiving in re-
laying mode. This assumption will be further clarified in the next sections of this
chapter. For a given communication instance, source and destination terminals
transmit and receive in half duplex mode using single antenna out of the two
antennas mounted. The source and destination pair are supported by N relay
nodes in the surroundings. We model the relays to operate in slotted sequential
amplify and forward manner. A cooperation frame is of M slots in length. M is
assumed to be an even integer and selected to suit the fading environment. The
source keeps transmitting symbols xs [i] ∈ Cl×1 continuously during the cooper-
ation frame, where Cl×1 is the code-book of size l common to all terminals. All
terminals operate in normalised energy  = 1. Using the noise variance σ2 at any
receiving node the channel SNR, ρ, can be defined as, ρ = σ−2. For any terminal
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A, n
A
denotes the zero mean AWGN with variance σ2
A
. To make the analysis more
tractable, it is assumed that at each time slot only one symbol is transmitted at
each time slot.
7.2.1 Relay Selection
Unlike any other conventional relay based communication system, a VANET in
an urban intersection has unique challenges. The source, destination and relay
terminals may be moving or stationary, which is governed by the traffic conditions,
road rules and the behaviour of traffic lights. Therefore, an additional parameter
is required to identify reliable relays which will stay intact with the source and
the destination during the course of transmitting a cooperation frame of length
M . Here we propose to use the relative velocities of the source-relay and relay-
destination vehicles to asses the suitability of a certain relay terminal.
The opportunistic relay selection strategy introduced in [134] can be iden-
tified as a suitable methodology for the scenario under study. However, before
utilising the opportunistic relay selection, a filtering process needs to take place
to eliminate relays which are highly dynamic relative to the source and destina-
tion. For a specific source, relay and destination vehicle triple, assume respective
velocities, vs , vr , vd . A weight factor w is defined to identify the relative stationary
nature of the relays with respect to the source and the destination as follows,
w = |(vr − vS)| |(vr − vD)|
1
2 (7.1)
w is the geometric mean of the relative velocities of source-relay and destination-
relay vehicles. For a system with N number of potential relays a vector W
of weights can be defined as {w1 , w2 , . . . , wN}. Lower value of w suggests that
the relay is relatively stationary with respect to the source and the destination
terminals. A threshold weight wt can be defined to eliminate the highly dynamic
vehicular relays out of W.
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Once the potential relays are categorised based on W, the channel coefficients
(gains) between source, destination and relay triples are taken into consideration
to rank the relays for a specific cooperation frame. The values in W has no direct
impact on the DMT of the overall system, as it filters out the highly dynamic
relays which would not last the duration of the cooperation frame. The findings
in [135] suggests the impact of outdated Channel State Information (CSI) on the
outage and diversity performance of the cooperative protocols caused by such
dynamic relays. Following [134], the criteria below are used to select the best two
relay-vehicles, r1 and r2 out of N potential relays for a given cooperation frame.
r1 = arg max
R
k
∈Sr
{
min
{∣∣h
sR
k
∣∣2, ∣∣h
R
k
d
∣∣2}} , k ≤ N (7.2)
r2 = arg max
R
k
∈Sr−r1
{
min
{∣∣h
sR
k
∣∣2, ∣∣h
R
k
d
∣∣2}} , k ≤ N − 1 (7.3)
where, k is a positive integer.
In Equations (7.2) and (7.3), Sr is the set of potential relays of the coop-
eration frame to be transmitted. h
sR
k
, h
R
k
d
are the channel coefficients between
the source s and relay R
k
and relay R
k
and the destination d respectively. These
channel coefficients are assumed to be subjected to Rayleigh fading. This as-
sumption is justified since we are analysing urban VANETs where vehicles are
having low relative speeds due to traffic congestion and traffic light controlled
intersections. This approach avoids using bad relays. Once the two best relays
are selected they keep supporting the destination alternatively. When relay r1 is
transmitting r2 receives data from source S and r1, and vice versa. The relays
utilise two antenna terminals in receiving mode, which effectively create a 2× 2
MIMO channel. This is used to avoid the accumulated interference at the relaying
node in the conventional SAF protocol. This can also be viewed as an indirect
method to isolate the selected relays.
The described relay selection scheme requires the participating terminals to
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Figure 7.2: A relay selection instance at an urban intersection with 6 potential
relay vehicles. Arrows indicate the directions of the velocity vectors
Relay |h
s,R
k
| |h
R
k
,d
| min
(
|h
s,R
k
|, |h
R
k
,d
|
)
R1 8 10 8
R2 1 3 1
R3 5 25 5
R4 9 12 9
R5(r1) 11 13 11
R6(r2) 9 5 5
Table 7.1: Opportunistic relay selection process with sample values of the channel
coefficients
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exchange CSI and velocities among the participating nodes. We assume that
terminals associated with communication exchange CSI through a preamble at-
tached to the periodic beacons. These beacons share the essential information
to set-up communication between a pair of nodes. In ad-hoc networks periodic
beacons are exchanged among neighbour nodes of each participating node [30].
For example in GPSR protocol [30] the beacons are exchanged at an interval of
1,3 and 5 milliseconds. However, in [136] the channel coherence time for different
vehicular communication environments are experimentally verified. According to
[136] for the suburban environments 90% of the time the channel coherence time
in suburban environments is greater than 1 ms. Therefore, a beaconing interval
of 1 ms would be adequate most of the time. However, even at 1 ms beacon
interval the system would have to bear considerable overhead. The optimisation
of such payload is a different area of research. Considering the availability of
location informing devices in modern vehicles it would be fair to assume that the
velocities are always available. However, an extra byte of information would be
required to be added in the preamble which contains CSI. The frequent exchange
of such preambles may increase the overhead of the network. Optimising such
overheads are a separate area of study. Figure 7.2 and Table 7.1 illustrates the
relay selection process for a given cooperation frame.
7.2.2 Achieving Relay Isolation
In this section we will mathematically elucidate how relays are isolated by using
MIMO at the selected relay nodes during transmissions. Once the best two relays
are selected for a specific cooperation frame, they will start the transmission of
the cooperation frame towards the source. A source-destination link may or may
not exist for a given cooperation frame. Figure 7.3 illustrates the channel gains of
all antennas associated while relay r1 is transmitting and r2 is in receiving mode
and uses both antennas to receive.
148 7.2 System Model
 
r1 
r2 
s 
d 
      
 
   
 
      
 
     
 
     
 
         
 
         
 
Figure 7.3: An instance where two best relays r1 and r2 assisting the source
terminal to transmit a cooperation frame. Relay r1 is transmitting and r2 in
reception mode
 1 2 3  i  M M+1 
s x1 x2 x3 ...... xi ...... xM idle 
r1 x1 x1 x2 + x3  xi-1 + xi  xM-1 + xM xM 
r2 x1 x1 + x2 x2  xi-1  xM-1 xM 
d x1 x1 + x2 x2 + x3  xi-1 + xi  xM-1 + xM xM 
 
Tx Rx 
Figure 7.4: Frame structure of the proposed scheme. Here, xs[i]→ xi
The transmit receive structure for a M + 1 slot cooperation frame between
s, d, r1 , r2 is shown in Figure 7.4. M + 1 slots are required to protect all M
transmit symbols. In the (M + 1)th time slot source keeps idle and only the
relay r1 transmits. Assuming at the i
th time slot of the cooperation frame, r2 is
transmitting, the received signal yd[i] at destination d will be,
yd[i] = g0xs[i] + hr2dyˆr2 [i] + nD[i] (7.4)
where g0, hr2d is the channel coefficients in s → d and r2 → d links. yˆr2 [i] is
the signal transmitted from relay r2 in the time slot i. In the same time slot i,
r1 uses two antennas for reception and effectively creates a 2× 2 MIMO system
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with s and r2 being transmitters. The received signal vector yr1 [i] at r1 can be
expressed as below.yr1,1[i]
yr1,2[i]
 =
γr2,r11 gs,r11
γr2,r12 gs,r12
×
yˆr2 [i]
xs[i]
+
nr1,1
nr1,2
 (7.5)
where, γr2,r1j , j ∈ 1, 2 is the channel coefficient between r2 and antenna j of
r1 and gS,r1j , j ∈ 1, 2 is the channel coefficient between s and antenna j of r1.
nr1,j, j ∈ 1, 2 are the receiver noise at r1’s two antennas.
Now we examine yˆr2 [i], which is a noisy and scaled version of xs[i−1], received
at r2 during the (i− 1)th time slot, while it was in receiving mode. When one
considers the (i− 1)th timeslot at r2, assuming the transmitted symbols were
received with a MIMO receiver, both symbols xs[i − 1] and xs[i − 2] can be
received from the two branches without a decoding operation. However, both
symbols are immersed in noise.
Now yˆr2 [i] can be expressed in the following form assuming the scaling factor
at r2 is βr2 ,
yˆr2 [i] = βr2 (xs[i− 1] + nˆr2) (7.6)
nˆr2 is a transformed version of AWGN at r2. Therefore, using the the relation in
(7.6), and expanding the matrix in (7.5), the received signal vector yr1 [i] can be
expressed by following equations,
yr1 ,1 [i] = gs,r11xs [i] + βr2γr2,r11xs [i− 1] + βr2γr2,r11 nˆr2 + nr1 ,1 (7.7)
yr1,2 [i] = gs,r12xs [i] + βr2γr2,r12xs [i− 1] + βr2γr2,r12 nˆr2 + nr1 ,2 (7.8)
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Finally, equations (7.7) and (7.8) can be expressed in matrix form as below,yr1,1[i]
yr1,2[i]
 =
γr2,r11 gS,r11
γr2,r12 gS,r12

︸ ︷︷ ︸
Ω
×
xs[i− 1]
xs[i]

+
γr2,r11βr2 1 0
γr2,r12βr2 0 1

︸ ︷︷ ︸
Γ

nˆr2,1
nr1,1
nr1,2

︸ ︷︷ ︸
nr1
(7.9)
Equation (7.9) can be expressed in the following form,
yr1 [i] = Ωxs + Γnr1 (7.10)
Above xs is the transmitted symbols in two successive time slots from S and nr1
is the noise vector at r1. Assuming perfect CSI at r1 for the cooperation frame
under consideration and since Ω is an invertible square matrix, r1 can recover
xs[i] easily without a full decode operation. Multiplying both sides of (7.10) with
the pseudo inverse of Ω which is defined as Ω+ =
(
Ω†Ω
)−1
Ω† we get,
Ω+yr1 [i] = Ω
+Ωxs + Ω
+Γnr1
= xs + Ω
+Γnr1
= xs + nˆr1
(7.11)
Therefore, at r1 using the two parallel branches of the MIMO receiver, the
symbols transmitted from S and r2 are separated (even though they are mixed
with transformed AWGN). In contrast to SAF protocol, with this method the
signals at relays can be reviewed without a complex scheduling scheme.
The M + 1 slot cooperation scheme in Figure 7.4 can now be represented
by the following linear system of equations where, yD[k], xs[k], nˆr22 [k], nD[k] are
presented as yD,k, xk, nˆr22,k, nD,k for k ∈ 1 . . .M .
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y
d,1
= g0x1 + nd,1
y
d,2
= g0x2 + hr1dβr1x1 + hr1dβr1nˆr12,1 + nd,2
y
d,3
= g0x3 + hr2dβr2x2 + hr2dβr2nˆr22,2 + nd,3
...
y
d,M
= g0xM + hr1dβr1xM−1 + hr1dβr1nˆr12,M−1 + nd,M
y
d,M+1
= hr2dβr2xM + hr2dβr2nˆr22,M + nd,M+1

y
d,1
y
d,2
...
y
d,M
y
d,M+1

(M+1)×1
=

g0 0 0 0 · · · 0
α1β1 g0 0 0 · · · 0
0 α2β2 g0 0 · · · 0
0 0 α1β1 g0 · · · 0
...
...
...
. . .
. . .
...
0 · · · · · · · · · α1β1 g0
0 · · · · · · · · · 0 α2β2

(M+1)×M

x1
x2
...
xM

M×1
+

0 · · · · · · 1 0 · · · · · · 0
α1β1 0 · · · · · · 1 0 · · · 0
0 α2β2 0 · · · 0 1 · · · 0
...
...
. . .
...
...
...
. . .
...
0 · · · α1β1 · · · · · · · · · 1 0
0 · · · 0 α2β2 · · · · · · · · · 1

(M+1)×2M

nˆr12,1
nˆr22,2
...
nˆr22,M
nD,1
...
nD,M+1

2M×1
(7.12)
The linear equation system is given in matrix form in (7.12), where αi = hrid
and βi = βri for i ∈ (1, 2). Furthermore, this matrix relation can be concisely
152 7.3 DMT Analysis
expressed as,
yd = Hxs + ∆Γ (7.13)
where, H is the (M + 1) ×M equivalent channel matrix for the system. It
is evident from (7.12) that H is a lower bi-diagonal matrix. Γ is a AWGN noise
vector and ∆ a noise transforming matrix.
Even though we consider a 2 × 2 MIMO system in reception mode at the
relays, a general case for the analysis would be using Na antennas at each vehicle
which would create larger MIMO systems. For example, if the terminals utilize
all Na antennas for transmit and reception simultaneously, the resulting channel
matrix would take the size 2Na × Na at the receiving relay. The availability of
ample power and space on rooftops of the vehicles makes it plausible to have more
antennas and the overall system throughput will significantly improve. However,
here we focus on the problem of relay isolation in SAF type protocols for vehicular
communications and limit the number of antennas to 2. Introduction of more
antennas to the system will require careful interference and spectrum management
techniques and additional attention on power control. However, due to the lack
of centralized control for managing these protocols in vehicular networks the
practical implementation could be cumbersome in the presence of interference
from other relays.
7.3 DMT Analysis
This section analyzes the optimal DMT of the proposed scheme. DMT is the
main tool used to analyse the trade-off between diversity gain and multiplexing
gain in MIMO systems. The diversity gain d and multiplexing gain r for a set of
codes denoted by C(ρ) are defined as,
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lim
ρ→∞
R(ρ)
log ρ
= r lim
ρ→∞
logPe(ρ)
logρ
= −d
Here, R(ρ) is the data rate, which is a monotonically increasing function
of ρ. R(ρ) is measured in Bandwidth Per Carrier Use (BPCU). R(ρ) = r log ρ
and Pe ≈ Pout for infinitely large values of ρ. Pe and Pout denotes the average
error probability and outage probability for a Maximum Likelihood (ML) de-
coder/receiver.
Looking at (7.13), the mutual information I of the proposed scheme can be
expressed as,
I = log det
(
IM+1 + HH
† [∆E{ΓΓ†}∆†]−1) (7.14)
where, IM+1 is the identity matrix of size (M + 1)× (M + 1).
Using (7.12), it can be easily proven that, E
{
ΓΓ†
}
= ρIM+1. Then, (7.14)
can be given by,
I = log det
(
IM+1 + ρHH
† [∆∆†]−1) (7.15)
The product ∆∆† can be simplified as ∆∆† = ∆˜ + IM+1 where, ∆˜ is a
(M + 1)× (M + 1) matrix of following form,
∆˜ =

0 · · · · · · · · · 0
0 |α1|2 |β1|2 0 · · · 0
0 0 |α2|2 |β2|2 · · · 0
...
...
. . .
. . .
...
0 · · · · · · · · · |α2|2 |β2|2

Eventually, I is written as following,
I = log det
(
IM+1 + ρHH
†(∆˜ + IM+1)−1
)
(7.16)
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The linear scaling terms β1 and β2 of ∆˜ can be ignored using the Lemma
1 of [2] as they have no effect on the DMT. Therefore, the channel matrix H
reduces to,
H =

g0 0 0 0 · · · 0
α1 g0 0 0 · · · 0
0 α2 g0 0 · · · 0
0 0 α1 g0 · · · 0
...
...
...
. . .
. . .
...
0 · · · · · · · · · α1 g0
0 · · · · · · · · · 0 α2

Furthermore, following the definitions in [68] and [2] the outage probability of
this scheme is declared in-terms of I derived in (7.16),
Pout (R(ρ)) = Pr [I ≤ (M + 1)R(ρ)] (7.18)
=˙ Pr
[
log det
(
I
M+1
+ ρHH†
) ≤ (M + 1)R(ρ)]
The term (∆˜+ IM+1)
−1 associated with I in (7.16) is omitted in (7.18) since
it has no influence on the DMT [2, 133]. The term (M + 1) accounts for the fact
that M symbols being transmitted in (M + 1) time slots.
With further manipulation, it can be shown that the term IM+1 + ρHH
† in
(7.18), is a (M + 1)× (M + 1) tridiagonal matrix of the following form,
IM+1 + ρHH
† =

g¯0 g0α
∗
1 0 · · · 0
g∗0α1 g¯1 g∗0α2 · · · 0
0 g∗0α2 g¯2 · · · 0
...
...
. . .
. . .
...
0 · · · · · · · · · g¯M

(7.19)
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where,
g¯k =

1 + |g0|2 k = 0
1 + |g0|2 + |α1|2 1 ≤ k ≤ (M − 1), odd
1 + |g0|2 + |α2|2 1 ≤ k ≤ (M − 1), even
1 + |α2|2 k = M
Now, a lower bound for the determinant of I
M+1
+ ρHH† can be derived
using Lemma 3.1 of [1] (Appendix A.1). Since H is a (M + 1) ×M lower bi-
diagonal matrix the lemma is directly applicable as shown in (7.20). Furthermore,
the expression of Pout is decomposed as shown in (7.21) to obtain upper and lower
bounds of the DMT of the proposed scheme.
det
(
I
M+1
+ ρHH†
)≤˙(1 + ρ |g0|2)M + ((1 + ρ |α1|2)(1 + ρ |α2|2))M2 (7.20)
Pout
(
R
) ≥ Pr[[(1 + ρ |g0|2)M + ((1 + ρ |α1|2)(1 + ρ |α2|2))M2 ] ≤ ρ(M+1)r]
≥Pr
[(
1 + ρ |g0|2
)M ≤ ρ(M+1)r, ((1 + ρ |α1|2)(1 + ρ |α2|2))M2 ≤ ρ(M+1)r]
≥˙Pr
[(
ρ |g0|2
)M ≤ ρ(M+1)r]× Pr [((ρ |α1|2)(ρ |α2|2))M2 ≤ ρ(M+1)r]
(7.21)
From the relay selection criteria in equations (7.2) and (7.3) we know that,
|α1|2 ≥ |α2|2 for all time slots in the cooperation frame. This condition is used
to identify the DMT bounds of the proposed scheme. Following two cases define
the tightness of the outage bound in (7.21).
Case 1 - |α1|2  |α2|2
When the gains of relays r1 , r1 are significantly different, the upper bound of Pout
is raised and the asymptotic DMT performance will reach its lower bound. This
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can be justified by using the CDF of |α2|2 in the high SNR regime (Definition 3
: Appendix A.2). Equation (7.21) is re-organised to establish a lower bound for
the DMTs as follow,
Pout≥˙Pr
[
|g0|2 ≤ ρ−
(
1− (M+1)r
M
)]
Pr
[
|α2|2 ≤ ρ−
(
1− (M+1)r
M
)]
=˙ρ−
(
1− (M+1)r
M
)
· ρ−
(
N−1
)(
1− (M+1)r
M
)
=˙ρ−N
(
1− (M+1)r
M
)
(7.22)
With the above expression it can be concluded that the proposed scheme
has a lower bound on the DMT, d
LB
, given by,
d
LB
= N
(
1− (M + 1)r
M
)+
(7.23)
Case 2 - |α1|2 ≈ |α2|2
The outage performance will be optimal when the two relays, r1 and r2 have
similar gains. With such a situation, the inequality in (7.21) still exists and is
a subset of the outage event discussed in Case 1. Now, the optimal DMT of
the proposed scheme can be derived using the c.d.f of |α1|2 in high SNR regime
(Definition 2 : Appendix A.2). For the optimal DMT equation (7.21) is redefined
as below,
Pout≥˙Pr
[
|g0|2 ≤ ρ−
(
1− (M+1)r
M
)]
Pr
[
|α1|2 ≤ ρ−
(
1− (M+1)r
M
)]
=˙ρ−
(
1− (M+1)r
M
)
· ρ−N
(
1− (M+1)r
M
)
=˙ρ−
(
N+1
)(
1− (M+1)r
M
)
(7.24)
Therefore, the optimal DMT, d
UB
can be expressed as follows,
d
UB
= (N + 1)
(
1− (M + 1)r
M
)+
(7.25)
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Table 7.2: Comparison of DMT upper bounds of SAF, SADF and proposed
protocols for M + 1 slot N relay systems
Protocol DMT
SAF (1− r)+ +N (1− M+1
M
r
)+
Proposed |α1|2 ≈ |α2|2 : (N + 1)
(
1− M+1
M
r
)+
|α1|2  |α2|2 : N
(
1− M+1
M
r
)+
SADF (N + 1)
(
1− M+1
M
r
)+
Even though the above DMT bounds are proven for even number of M , it
can be extended for the odd M as well. The proof is omitted here since trivial.
Note that the optimal DMT, d
UB
, closely resembles the DMT upper bound
of the SAF scheme in [2]. This DMT approaches the (N + 1) × 1 MISO bound
for infinitely large values of M . Therefore, using a plausible method IRI has been
eliminated while achieving a similar optimal DMT to sequential SAF which uses
a genie aided relay isolation. The lower bound of the DMT, d
LB
is similar to the
DMT upper bound of sequential SAF scheme with (N − 1) relays. Therefore, it
can be concluded that the achievable DMT of the proposed scheme varies between
N × 1 and (N + 1)× 1 MISO upper bounds for higher values of M .
7.4 Numerical Results
This section presents the numerical and simulated results of the DMT analysis
presented in the previous Section. Figure 7.5 compares the optimal DMT of
the proposed scheme with SAF [2], DDF and NAF [54] and ODF [137] slotted
cooperative protocols. The scenario used for comparison is N = 6 relays and M =
20 slots. The DMT of the proposed scheme closely resembles the optimal DMT
of the SADF protocol. However, SADF protocol is burdened by the introduction
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Figure 7.5: Comparison of Diversity multiplexing trade-off the proposed scheme
with other cooperative protocols for N = 6 relays and M = 20 slots
of decoding relays. Figure 7.6 compares the upper and lower bounds of the
DMT for N = 6 relays and M = {10, 100} time slots. It can be seen in Figure
7.6 that when the slot number is increased the DMT upper bound reaches the
7× 1 MISO bound and the lower bound towards 6× 1 MISO bound. Therefore,
it can be concluded that the depending on the channel conditions the optimal
DMT would lie between the two MISO bounds. In Table 7.2 the DMTs of the
similar schemes are summarised. It should be noted that the proposed scheme has
different bounds for the DMT when the relay-destination channel gain is similar
and significantly different in the two best relays selected.
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tiplexing trade-off the proposed scheme with N = 6 relays and different number
of time slots
7.4.1 Outage Probability
Outage probability of the proposed scheme is simulated using the outage condition
in (7.21). Monte-Carlo simulations are performed using 107 samples at each SNR.
The results are compared in Figure 7.7 with NAF and sequential SAF protocols.
In general, the proposed scheme has a better outage performance compared to the
other two protocols. In comparison to the sequential SAF protocol, at a target
outage probability of 10−4 the proposed scheme shows a 2.5 dB gain in SNR. The
MIMO based reception at relays in the proposed scheme is the reason behind
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Figure 7.7: Comparison of Outage Probabilities on different slotted cooperation
protocols with N = 6 relays and M = 12 slots and data rate 2 BPCU. Addition-
ally proposed scheme is simulated for 4 BPCU.
this gain. The outage performance is improved due to the IRI elimination of the
MIMO reception at the relays as justified in (7.11). Even though, a full decode
and forward operation at the relays will deliver better outage performance, the
protocol will be burdened by excessive processing. With the proposed method,
similar outage performance can be achieved with less computational burden.
7.5 Conclusions 161
7.5 Conclusions
This chapter proposed and evaluated a pragmatic scheme for relay isolation in
SAF protocol for urban VANETs. Subsequently, the opportunistic methods for
relay ordering and selection were utilised to suit the spontaneous nature of com-
munication in urban VANETs. The DMT bounds of the proposed scheme was
derived and compared to protocols in the same family. It was demonstrated that
the optimal DMT of the proposed extension of SAF protocol is similar to the DMT
upper bound of sequential SAF and SADF protocols for all multiplexing gains.
It is also shown that due to the MIMO reception gains, the proposed scheme
outperforms the SAF protocol by more than 2.5 dB for target outage probabili-
ties less than 10−4. The proposed method in this chapter takes advantage of the
favourable conditions for MIMO implementation in VANETs. However, a full
exploitation of the MIMO transmissions are not investigated which is a separate
area of study.
This chapter opened the research question of the performance of non-orthogonal
cooperative diversity in the context of vehicular communications. The conven-
tional methods of analysis of diversity performance in these systems look at the
limiting performance at infinite or large SNRs in systems. However, in a typi-
cal vehicular communications environment, it is more likely that communication
links would exist at finite SNRs. In the next chapter we look at the diversity per-
formance of cooperative diversity protocols at finite and operational SNR regimes
in the context of VANETs.

Chapter 8
Finite-SNR Diversity
Multiplexing Trade-off of
Cooperative Diversity Protocols
in Vehicular Communications
In previous chapters the error performance of orthogonal cooperative diversity
protocols in the context of vehicular communications were discussed in detail.
Moreover, the possible gains on the reliable end-to-end data delivery in VANET
network layer was also investigated with cooperative relay assistance. In par-
ticular, Chapter 7 proposed and analysed a pragmatic approach of utilising a
non-orthogonal cooperative diversity protocol in an urban vehicular communica-
tion scenario. The capabilities of cooperative diversity with the vehicular channel
at high velocities is yet to be fully explored.
In order to emphasise the performance of orthogonal and non-orthogonal co-
operative diversity protocols, we use the finite-SNR diversity multiplexing trade-
off (FDMT) as a key analytical tool. This chapter first looks at the FDMT of
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the orthogonal decode and forward (ODF) protocol in a typical V2V commu-
nication scenario. Furthermore, the non-orthogonal AF (NAF) protocol is also
analysed to estimate the sub optimality of the diversity gain compared to its
asymptotic values. In the final part of this chapter, the FDMT of the SAF pro-
tocol is evaluated in free-flow and congested vehicular traffic conditions which
leads to cascaded Rayleigh and standard Rayleigh types of fading. Then, a tight
approximation for the upper bound of the outage probability of the SAF proto-
col is expressed in closed-form by solving a non-linear optimisation problem. In
addition, lower bounds for the FDMT of SAF protocol in V2V communications
are also established.
The chapter is organised as follows. In Section 8.1 a detailed background
of the diversity analysis in cooperative diversity protocols are presented. Then,
Section 8.2 elaborates a general system description for the FDMT analysis in
orthogonal and non-orthogonal cooperative diversity protocols in the context of
vehicular communications. Section 8.3 analyses the FDMT of the ODF protocol
while Section 8.4 looks at the NAF protocol. Furthermore, in Section 8.5 the
FDMT of SAF protocol in a free-flow highway environment is derived. In ad-
dition, Section 8.6 formulates the lower bound on FDMT of SAF protocol for a
congested vehicular traffic environment. The numerical and Monte-Carlo simu-
lations of the analysis are presented in Section 8.7. Finally, Section 8.8 concludes
the chapter.
8.1 Introduction
Previously, in Chapter 2, the concepts of DMT and FDMT were introduced and
their usage in analysing the performance of cooperative diversity and MIMO
protocols were elaborated. Interestingly, in [3] the authors analysed the outage
probability and diversity gain of orthogonal AF protocol in the context of ve-
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hicular source, destination and relay scenario, yet did not discuss the trade-off
of diversity and multiplexing. However, Seyfi et.al [24] proved that the diver-
sity orders at finite SNRs are significantly different form the asymptotic values
for inter-vehicular communications due to the cascaded Rayleigh fading nature
observed in vehicle to vehicle links. This observation raises a question on how
the orthogonal and non-orthogonal cooperative diversity protocols may perform
at finite operational SNRs in inter-vehicular communications. For the VANETs
operating in highway environments at low vehicle densities, expected SNRs will
be in the lower regime. This makes the asymptotic DMT in inter-vehicular com-
munications less meaningful compared to the asymptotic DMT in conventional
Rayleigh fading scenarios. Despite the growing literature on asymptotic DMT
analysis, there is a gap in open literature analysing the FDMT of cooperative
diversity protocols in VANETs.
With the analytical requirements outlined above, the concept of FDMT in-
troduced by Narasimhan et al. [69] comes to light. In [138], the authors have
further analysed the FDMT of Rayleigh fading relay channels in a conventional
mobile network. However, up to this point the research in this area does not
discuss the FDMT for inter-vehicular communications. The FDMT of Rayleigh
fading environments of MIMO systems are studied in [138–141] in detail. V2V
channels in highly dynamic road segments behave in a distinctive manner and
the fading characteristics are expected to be different [142, 143]. The cascaded
Rayleigh fading process [144, 145], represents V2V channel meticulously in a sta-
tistical perspective and used for the analysis in [3, 24, 146]. In chapters 4 and 5
we stated that the free-flow traffic on highways [147], which results vehicles trav-
elling at their desired speeds (subjected to road speed limits) are most likely to
cause cascaded Rayleigh fading in V2V communications. However, in more con-
gested traffic scenarios where, the vehicles are forced to move at low speeds on a
road segment can result in conventional Rayleigh type of fading in inter-vehicular
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links. In this analysis, we analyse the diversity and outage performance of the
SAF protocol under both fading conditions subjected to a finite SNR regime.
This chapter aims to contribute in analysing the behaviour of FDMT in
orthogonal and non-orthogonal cooperative diversity protocols in inter-vehicular
communications to a certain extent by deriving closed-form expressions for the
lower bound of FDMT of orthogonal and non-orthogonal cooperative diversity
protocols with cascaded Rayleigh fading channels. During the first part of the
study the ODF and NAF protocols are analysed which belongs to the orthogonal
and non-orthogonal families. Furthermore, the convergence behaviour of FDMT
towards the asymptotic bound is also explored with a detail analysis.
In Chapter 7, the asymptotic DMT of the SAF protocol [2] at high SNR
regimes were discussed. Inherently, the SAF protocol delivers the best known
DMTs compared to other similar protocols in the family. However, the promis-
ing performance benefits of the SAF protocol is expected to be suboptimal in
inter-vehicular communications with different channel fading characteristics. The
involvement of multiple transmitting relays during the sequential time slots could
cause degraded diversity gains at finite SNRs. Therefore, this chapter analyses
the diversity performance of the SAF protocol in two different vehicular traffic
conditions to gain more insight in this area of research.
8.2 System Description
First, a vehicular network is assumed where three nodes, source S, relay R and
destination D, communicate using either ODF or NAF protocol as seen in Figure
8.1. All links are assumed to be cascaded Rayleigh fading [3]. Therefore, the
channel coefficients h
SD
, h
RD
, h
SR
are expressed as, h
SD
= α1α2 , hRD = α3α4 and
h
SR
= α5α6 respectively where, αi , i ∈ {1, 2, . . . , 6} are Gaussian distributed com-
plex random variables with zero mean and σ2
i
variance. |α
i
|, follows a Rayleigh
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Figure 8.1: Cooperative transmissions between source, relay and destination ter-
minals.
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Figure 8.2: Transmit and receive time slot structure of ODF protocol.
distribution and |h
SD
| , |h
RD
| and |h
SR
| follow cascaded Rayleigh distribution. Fol-
lowing [24], the CDF of |h
SD
|2, F
SD
is expressed as,
F
SD
(z) = 1−
√
4λ1λ2zK1
(√
4λ
j
λ
k
z
)
(8.1)
where, ρ is the average SNR of the system. Here, λ
i
= 1/E
{|α
i
|2} , i ∈
{1, 2, . . . , 6}. The CDFs F
SR
and F
RD
are also defined similarly.
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8.3 FDMT of the ODF Protocol in V2V Com-
munications
The FDMT, d(r, ρ) and multiplexing gain r are defined as following, for a system
with spectral efficiency R(ρ) bps/Hz and outage probability Po(r, ρ) [69],
d (r, ρ) = − ρ
Po(r, ρ)
∂Po(r, ρ)
∂ρ
r =
R(ρ)
log (1 + ρ)
First, the mutual information I
odf
between S and D is derived. Assuming equal
power allocation during broadcast and relaying phases of transmission and prefect
decoding of x (transmitted symbol) at relay R, the received signals y1 and y2
during the two time slots can be expressed as,
y1 = hSDx+ nD,1 y2 = hRDx+ nD,2 (8.2)
where, n
D,1
and n
D,2
are AWGN noise at D. Equation (2) can be expressed in the
matrix form to derive the equivalent channel matrix H between S and D. The
transmit and receive time slots occupancy are as shown in Figure 8.2.y1
y2
 =
hSD 0
0 h
RD

︸ ︷︷ ︸
H
x+
nD,1
n
D,2

︸ ︷︷ ︸
µ
(8.3)
Hence, the mutual information I
odf
,
I
odf
=
1
2
log det
(
I2 + HH
† [E{µµ†}]−1)
=
1
2
log det
(
I2 + ρ
(|h
SD
|2 + |h
RD
|2)) (8.4)
Po(r, ρ) can now be defined using Iodf ,
Po(r, ρ) = Pr
[
I
odf
≤ R(ρ)] = Pr [1 + ρ(|h
SD
|2 + |h
RD
|2) ≤ (1 + ρ)2r] (8.5)
Furthermore, Po(r, ρ) is upper bounded by,
Po(r, ρ) ≤ Pr
[
ρ|h
SD
|2 ≤ (1 + ρ)2r − 1]× Pr [ρ|h
RD
|2 ≤ (1 + ρ)2r] (8.6)
8.4 FDMT of the NAF Protocol in V2V Communications 169
The partial derivative of Po(r, ρ) is derived as follows:,
∂Po(r, ρ)
∂ρ
= [1− uK1(u)]
[v
2
(K0(v) +K2(v))−K1(v)
] ∂v
∂ρ
+ [1− vK1(v)]
[u
2
(K0(u) +K2(u))−K1(u)
] ∂u
∂ρ
(8.7)
where,
u =
√
4λ1λ2 ((1 + ρ)
2r − 1)
ρ
v =
√
4λ3λ4(1 + ρ)
2r
ρ
∂u
∂ρ
=
√
λ1λ2 ((1 + ρ)
2r − 1)
ρ
[
2r(1 + ρ)2r−1
ρ
− (1 + ρ)
2r − 1
ρ2
]
∂v
∂ρ
=
√
λ3λ4(1 + ρ)
2r
ρ
[
2r(1 + ρ)2r−1
ρ
− (1 + ρ)
2r
ρ2
]
Hence, the FDMT of ODF protocol, d(r, ρ) in a vehicular network with cascaded
Rayleigh fading is lower bounded as follows:,
d(r, ρ) ≥ −ρ
[
u
2
(K0(u) +K2(u))−K1(u)
]
[1− uK1(u)]
∂u
∂ρ
− ρ
[
v
2
(K0(v) +K2(v))−K1(v)
]
[1− vK1(v)]
∂v
∂ρ
8.4 FDMT of the NAF Protocol in V2V Com-
munications
In this section, the the sub optimal DMT behaviour of NAF protocol in a vehic-
ular environment is analysed. Assume similar channel coefficients between S,R
and D as ODF. For NAF, S transmits two symbols x1, x2 during broadcast and
relaying time slots as shown in Figure 8.3. R scales the received signal by a factor
β ≤ (|h
RD
|2 + σ2
R
)− 1
2 where, σ2
R
is the variance of noise n
R
at R. Similar to (8.3),
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Figure 8.3: Transmit and receive time slot structure of ODF protocol.
the received signal at D of NAF protocol can be represented by,
y1
y2
 =
 hSD 0
βh
SR
h
RD
h
SD

︸ ︷︷ ︸
H
x1
x2
+
1 0 0
0 1 h
RD
β

︸ ︷︷ ︸
Σ

n
D,1
n
D,2
n
R

︸ ︷︷ ︸
µ
(8.8)
Next, mutual information I
naf
can be expressed as,
I
naf
=
1
2
log det
(
I2 + HH
† [ΣE{µµ†}Σ†]−1) (8.9)
=
1
2
log
[
1 + ρ |h
SD
|2 + ρ
2 |h
SD
|4 + ρ |h
SD
|2 + (β |h
SR
| |h
RD
|)2
1 + β2 |h
RD
|2
]
Then the outage event is given by,
Po(r, ρ) = Pr
[
I
naf
≤ R(ρ)] (8.10)
= Pr
[
((1 + ρa)(1 + β2b) + ρ2a2)
(1 + β2b)
+
ρa+ ρβ2bc
(1 + β2b)
≤ (1 + ρ)2r
]
where,
a = |h
SD
|2
b = |h
RD
|2
c = |h
SR
|2
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Without loss of generality assume a ≥ b ≥ c. Since β ≥ 0 we can write,
Po(r, ρ) ≤ Pr
[
((1 + ρb)(1 + β2b) + ρ2b2)
(1 + β2b)
≤ (1 + ρ)2r
]
×Pr
[
ρc+ ρβ2c2
(1 + β2c)
≤ (1 + ρ)2r
]
(8.11)
Which can be expressed as,
Po(r, ρ) ≤ P1 × P2 (8.12)
where,
P1 = Pr
[
b ≤ γ2] and P2 = Pr [c ≤ θ2] with
γ2 =
((
ρ− β2(ρ+ 1)2r + β2)2
2 (β2ρ+ ρ2)2
+
(ρ+ 1)2r − 1
β2ρ+ ρ2
)1
2
+
(
ρ− β2(ρ+ 1)2r + β2
2(β2ρ+ ρ2)
)
θ2 =
(
(ρ+ 1)2 r
β2 ρ
+
(
ρ− β2 (ρ+ 1)2 r)2
4 β4 ρ2
)1
2
− ρ− β
2 (ρ+ 1)2 r
2β2 ρ
Using equation (8.1), equation (8.12) can be expressed as,
Po(r, ρ) ≤ (1− uK1(u)) (1− vK1(v)) (8.13)
where,
u =
√
4λ3λ4γ
v =
√
4λ5λ6θ
Similar to the analysis of ODF, ∂Pout(r,ρ)
∂ρ
and d(r, ρ) are expressed by (8.7) and
(A.6) respectively. However, the definitions of u, v are different for the NAF
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protocol and consequently ∂u
∂ρ
and ∂v
∂ρ
are derived as,
∂u
∂ρ
=
[
− 1
α
(
(β2 + 2ρ)
(
ρ− β2(ρ+ 1)2r + β2)2
2(β2ρ+ ρ2)3
− 2 r(ρ+ 1)
2r−1
β2ρ+ ρ2
+
(
2β2r(ρ+ 1)2r−1 − 1) (ρ− β2(ρ+ 1)2r + β2)
2(β2ρ+ ρ2)2
+
(
(ρ+ 1)2r − 1) (β2 + 2ρ)
(β2ρ+ ρ2)2
)
+
2β2 r (ρ+ 1)2r−1 − 1
2β2ρ+ 2ρ2
+
(β2 + 2ρ)
(
ρ− β2(ρ+ 1)2r + β2)
2(β2ρ+ ρ2)2
]√
λ3λ4
θ
∂v
∂ρ
=
[
−1
φ
(
(ρ+ 1)2r
β2ρ2
+
(
ρ− β2(ρ+ 1)2r) (2β2r(ρ+ 1)2r−1 − 1)
2β4ρ2
+
(
ρ− β2(ρ+ 1)2r)2
2β4ρ3
− 2r(ρ+ 1)
2r−1
β2ρ
)
+
ρ− β2(ρ+ 1)2r
2β2ρ2
+
2β2r(ρ+ 1)2r−1 − 1
2β2ρ
]√
λ5λ6
γ
where, α, φ are given by,
α = 2
√√√√(ρ− β2 (ρ+ 1)2 r + β2)2
4 (β2 ρ+ ρ2)2
+
(ρ+ 1)2 r − 1
β2 ρ+ ρ2
φ = 2
√
(ρ+ 1)2 r
β2 ρ
+
(
ρ− β2 (ρ+ 1)2 r)2
4 β4 ρ2
8.4.1 Numerical Analysis for Congested Traffic Scenario
The analysis illustrate the FDMT of ODF and NAF protocols and compare at
different SNR values. Unity power for channel gains (λi = 1, i ∈ {1, 2, . . . , 6})
and the amplification factor (β = 1) at the relay are assumed for the analytical
results presented. The unit amplification factor β = 1 indicates that the power
loss due to channel between source and relay is to the relay at the relay node.
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Figure 8.4: Comparison of FDMT of ODF protocol on Rayleigh fading links and
Cascaded Rayleigh fading (Vehicle to Vehicle) links.
β < 1 is where added power is less and β > 1 is where more power is added to
the signal. In the study β = 1 is considered without the loss of generality. Figure
8.4 compares the FDMT of ODF in a vehicular environment based on cascaded
Rayleigh fading with that of Rayleigh fading. The DMT of ODF in Rayleigh
fading converges to its asymptotic DMT bound when SNR is greater than 30 dB.
However, the achievable DMT is significantly suboptimal for cascaded Rayleigh
fading. The fractional diversity gain of ODF protocol observed at low SNR (typ-
ically, 0− 10 dB) for both types of fading is due to outage approximation errors.
Figure 8.5 presents the convergence of finite-SNR DMT towards the asymptotic
DMT of NAF protocol in cascaded Rayleigh fading. The results show that the
sub optimality of DMT in both protocols is predominant for r ≤ 0.5. The anal-
ysis illustrate the FDMT of ODF and NAF protocols and compare at different
SNR values. Unity power for channel gains (λi = 1, i ∈ {1, 2, . . . , 6}) and the
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Figure 8.5: FDMT of NAF protocol with Cascaded Rayleigh fading (V2V) links
for NAF protocol.
amplification factor (β = 1) at the relay are assumed for the analytical results
presented. The unit amplification factor β = 1 indicates that the power loss due
to channel between source and relay is to the relay at the relay node. β < 1
is where added power is less and β > 1 is where more power is added to the
signal. In the study β = 1 is considered without the loss of generality. Figure
8.4 compares the FDMT of ODF in a vehicular environment based on cascaded
Rayleigh fading with that of Rayleigh fading. The DMT of ODF in Rayleigh
fading converges to its asymptotic DMT bound when SNR is greater than 30 dB.
However, the achievable DMT is significantly suboptimal for cascaded Rayleigh
fading. The fractional diversity gain of ODF protocol observed at low SNR (typ-
ically, 0− 10 dB) for both types of fading is due to outage approximation errors.
Figure 8.5 presents the convergence of finite-SNR DMT towards the asymptotic
8.5 FDMT of the SAF Protocol in Free-Flow Vehicular Traffic 175
   
3G/LTE BS 
S 
D 
 
 
 
 
 
 
 Potential relay 
cluster 
Downstream vehicle Upstream vehicle 
Figure 8.6: SAF protocol being used by a source vehicle S and destination vehicle
D with seven potential relays in s multi lane highway with 3G/LTE coverage.
DMT of NAF protocol in cascaded Rayleigh fading. The results show that the
sub optimality of DMT in both protocols is predominant for r ≤ 0.5.
8.5 FDMT of the SAF Protocol in Free-Flow
Vehicular Traffic
In this section, a vehicular communication scenario is assumed in a highway com-
posed of multiple lanes and bi-directional traffic flow. The highway segment under
study is expected to form standalone vehicular communication and relays. The
communication scheduling is expected to be performed by the roadside cellular
base stations which are already deployed. With the current state of telecommu-
nication industry, highways are provided with 3G or LTE cellular coverage with
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tall base stations overlooking portions of the highway regularly. These base sta-
tions have the capability to monitor and schedule the vehicular communications
under its coverage area provided that there exists a third party agreement with
the network service provider.
8.5.1 System Set-up under Free-flow Traffic
The free-flow conditions and their implication on the traffic flows were discussed
in Chapter 4. As shown in Figure 8.6 a source vehicle S initiates a communica-
tion with a destination vehicle D and the potential relay vehicles R
i
, i = 1, 2, . . .
support the communication by acting as relay nodes and realising SAF proto-
col. In Figure 1.1, seven relay nodes are in the potential relay cluster and five
of them support the SAF protocol. In a generic scenario we assume the system
has N relay nodes supporting at a given instance of time. The channel coef-
ficients, h
SD
, h
SRi
, h
RiD
between source-destination, source-ith relay and ithrelay-
destination respectively are subjected to cascaded Rayleigh fading. Following
the same methodology in section 8.2 h
SD
is expressed as,
h
SD
= α
SD,1
α
SD,2
(8.14)
where, α
SD,1
and α
SD,2
are Gaussian distributed complex random variables with
zero mean and σ2
SD,1
, σ2
SD,2
variances. Similarly, h
SRi
, h
RiD
can be expressed as
follows,
h
SRi
= α
SRi ,1
α
SRi ,2
(8.15)
h
RiD
= α
RiD,1
α
RiD,2
(8.16)
Similar to (8.1) the c.d.f, F
SD
of |h
SD
|2 is expressed as,
F
SD
(z) = 1−
√
4λ
SD,1
λ
SD,2
zK1
(√
4λ
SD,1
λ
SD,2
z
)
(8.17)
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Figure 8.7: Transmit and receive time slot allocations between the relays, source
and destination for the SAF protocol in a N relay N + 1 time slot scenario [2].
where,
λ
SDi
= 1/E
[∣∣α
SD,i
∣∣2] , i = 1, 2. Here, E[·] is the expectation operator. The c.d.f s
F
SRi
and F
RiD
are also defined similarly.
8.5.2 SAF Protocol
The SAF protocol presented in [2] is applied on the source-destination vehicles
with the cooperating relays in the potential relay cluster. The N relays cooperat-
ing are the relays with their resources available to assist during a transmission of
a data frame. The data frame is transmitted in N + 1 time slots with each time
slot occupied by one symbol. Following [2], the transmission time slot structure
is shown in Figure 8.7. It is assumed that cooperating relays stay connected to
the source and destination nodes during the transmission of the length of the
data frame. Therefore, the transmit frame length has to be selected carefully
to suit the mobility of the incorporating relay vehicles. Furthermore, the rela-
tive speeds of the participating nodes should be taken in to consideration by the
scheduling 3G/LTE base station to avoid abrupt disconnection due to motion
during the length of the data frame. The cooperating relay, R
i
during the ith
time slot scales the received signal by a processing gain b
i
subjected to a power
constraint E
(∣∣b
i
y
Ri ,i
∣∣2) ≤ 1, where y
Ri ,i
is the transmitted symbol from relay R
i
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in the ith time slot. The power allocation factors at the source and the relay
are pi
i
, pi
i
during the ith time slot. Furthermore, we assume that the CSI of all
channels are available to the scheduling base station and are reciprocal. The
scheduling will be such that the relay nodes are fully isolated as discussed in
detail in [2]. The assumption of a cascaded-Rayleigh type fading channel instead
of the single Rayleigh channel accounts for the double-ringed scatter model de-
scribed in [25, 75] which is suitable for systems with both transmitter and receiver
are in motion. Moreover, the analysis holds for the instantaneous capacity for
two consecutive timeslots, which last about 8 s [37] while the vehicle to vehicle
channel coherence time is roughly 1ms in highway and suburban environments
[136]. Therefore, the channel can be considered as static for this period without
loss of generality.
8.5.3 FDMT Analysis
To proceed with the analysis, the equivalent channel model for the protocol,
following [2] is considered while assuming the relays are unordered according to
their channel gains. The relay ordering process could be an additional burden in
a vehicular environment due to the dynamic nature. We also assume that the
protocol is a N relay M(= N+1) slot instance to simplify the analysis. Therefore,
unlike in [2] each effective relay serving a time slot i physically exist, rather than
relays being reused in a Round Robin manner.
The received signals, y
D,i
and y
R,i
at the destination D and relay R
i
assuming
perfect relay isolation in the ith time slot can be expressed as follows [2],
y
D,i
=
√
pi
i
ρh
SD
x
i
+
√
pi
i
ρh
SRi−1
b
i−1yR,i−1 + nD,i
y
R,i
=
√
pi
i
ρh
RiD
x
i
+ n
R,i
(8.18)
where, n
D,i
, n
R,i
are the received AWGN noise at D and R
i
respectively. Further-
more, ρ is the systems SNR. Considering all N + 1 time slots, the system can be
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expressed in matrix form as follows,
y =
√
ρHx + n (8.19)
Where, H is the equivalent channel matrix and n, a transformed version of
AWGN. H is a lower bi-diagonal matrix given by,
H =

√
pi1hSD 0 · · · · · · · · · 0√
pi1b1hSR1hR1D
√
pi2hSD 0 · · · · · · 0
0
√
pi2b1hSR2hR2D
√
pi3hSD · · · · · · 0
...
...
. . . . . . . . .
...
...
...
. . . . . . . . .
...
0 0 · · · · · · · · · √pi
N
b
N
h
SR
N
h
R
N
D

(8.20)
Then, following Lemma 1 of [2] (Appendix B) following inequality can be estab-
lished.
max
b,pi,pi
det
(
I
N+1
+ ρHH†
) ≥ (1 + ρ |h
SD
|2)N+1 + N∏
i=1
(
1 + ρ
∣∣∣hSRihRiD∣∣∣2) (8.21)
Above expression is valid since appropriate b, pi, pi s can always be found to satisfy
the inequality.
Using the inequality in (8.21) we derive the finite SNR DMT of SAF proto-
col in vehicular networks when the channels undergo cascaded Rayleigh fading,
resulting from a free-flow traffic condition. Thus, the outage probability Po is
expressed using the mutual information I of the equivalent channel H as follows,
Po = Pr [I ≤ (N + 1)R(ρ)]
= Pr
[
log det
(
I
N+1
+ ρHH†
) ≤ (N + 1) log(1 + ρ)r] (8.22)
Furthermore, using (8.21), equation (8.22) can be expressed as follows,
Po ≤ Pr
[(
1 + ρ |h
SD
|2)N+1 + N∏
i=1
(
1 + ρ
∣∣∣hSRihRiD∣∣∣2) ≤ (1 + ρ)r(N+1)
]
(8.23)
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Since, h
SD
and h
SRi
h
RiD
for ∀i are independent, we can write,
Po ≤Pr
[(
1 + ρ |h
SD
|2)N+1 ≤ (1 + ρ)r(N+1)]
× Pr
[
N∏
i=1
(
1 + ρ
∣∣∣hSRihRiD∣∣∣2) ≤ (1 + ρ)r(N+1)
]
= Pr
[
|h
SD
|2 ≤ (1 + ρ)
r − 1
ρ
]
× P2
= P1 × P2 (8.24)
Using (8.17), P1 can be expressed as below in closed-form,
P1 = 1−
√
4λ
SD,1
λ
SD,2
((1 + ρ)r − 1)
ρ
K1
√4λSD,1λSD,2 ((1 + ρ)r − 1)
ρ
 (8.25)
Now, P2 is further simplified to obtain a closed form expression while establishing
a tight upper bound for the outage probability, Po . Following, [69] we can express
P2 as,
P2 = Pr
[
N∏
i=1
(
1 + ρ
∣∣∣hSRihRiD∣∣∣2) ≤ (1 + ρ)r(N+1)
]
≤ Pr
[(
1 + ρ
∣∣h
SR1
h
R1D
∣∣2) ≤ (1 + ρ)ra1]×
. . .Pr
[(
1 + ρ
∣∣∣hSR
N
h
R
N
D
∣∣∣2) ≤ (1 + ρ)raN ]
=
N∏
i=1
Pr
[(
1 + ρ
∣∣∣hSRihRiD∣∣∣2) ≤ (1 + ρ)rai] (8.26)
where, the a
i
’s are positive rational numbers greater than 0. Furthermore, (8.26)
could be expressed in closed-form as follows,
P2 ≤
N∏
i=1
Pr
[∣∣∣hSRihRiD∣∣∣2 ≤ (1 + ρ)rai − 1ρ
]
(8.27)
Without loss of generality, it can be assumed that, |h
SRi
|2 ≤ |h
RiD
|2 or |h
SRi
|2 >
|h
RiD
|2 for ∀i. Therefore, to preserve the inequality condition in equation (8.26),
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we replace the |h
SRi
|, |h
RiD
| terms with |hmi | for all values of i. Here, |hmi | is defined
as follows,
|hmi | =
|hSRi | if |hSRi | ≤ |hRiD | for i = (1, . . . N)|h
RiD
| if |h
RiD
| < |h
SRi
| for i = (1, . . . N)
(8.28)
Where, hmi = αm1 ,iαm2 ,i and λ
2
m1 ,i
= 1/E
[
|α
m1 ,i
|2
]
, λ2
m1 ,i
= 1/E
[
|α
m2 ,i
|2
]
. Here, the
subscript m represents either a source-relay link or a relay-destination link (i.e
S−R
i
or R
i
−D) subjected to the condition in (8.28). Now, P2 can be expressed
as,
P2 ≤
N∏
i=1
Pr
[
|hmi |2 ≤
(
(1 + ρ)rai − 1
ρ
) 1
2
]
=
N∏
i=1
1−(16λ2m1,iλ2m2,i ((1 + ρ)rai − 1)
ρ
) 1
4
K1
(16λ2m1,iλ2m2,i ((1 + ρ)rai − 1)
ρ
) 1
4

(8.29)
Therefore, a tight approximation for the upper bound of Po can be expressed
in closed-form as following,
Po ≤
1−√4λSD,1λSD,2 ((1 + ρ)r − 1)
ρ
K1
√4λSD,1λSD,2 ((1 + ρ)r − 1)
ρ

×
N∏
i=1
1−(16λ2m1,iλ2m2,i ((1 + ρ)rai − 1)
ρ
) 1
4
K1
(16λ2m1,iλ2m2,i ((1 + ρ)rai − 1)
ρ
) 1
4

(8.30)
To achieve a tight approximation in equation (8.30), a
i
’s have to be de-
termined by solving a non linear optimisation problem, O∇ which is defined as
follows,
O∇ =

maximise
a
f0(a) = Po − P1P2
subjected to f0(a) ≤ 0,
0 < a
i
≤ N + 1,∀i
 (8.31)
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where, a = [a1 , a2 , . . . , aN ]. With the closed form definition for the upper bound
on Po , a lower bound for the finite SNR DMT of the SAF protocol in a cascaded
Rayleigh fading environment can be derived using the definition in equation (3.6).
To simplify the partial derivatives equation (8.30) is expressed as follows,
Po ≤ φ0 (ρ)
N∏
i=1
φ
i
(ρ) (8.32)
where,
φ0 (ρ) = P1
φ
i
(ρ)
i∈1...N
= Pr
[
|hmi |2 ≤
(
(1 + ρ)rai − 1
ρ
) 1
2
]
=
1−(16λ2m1,iλ2m2,i ((1 + ρ)rai − 1)
ρ
) 1
4
K1
(16λ2m1,iλ2m2,i ((1 + ρ)rai − 1)
ρ
) 1
4

Now, the partial derivative of Po is taken with respect to ρ as shown below,
∂Po
∂ρ
=
∂φ0 (ρ)
∂ρ
N∏
i=1
φ
i
(ρ) +
∂φ1 (ρ)
∂ρ
N∏
i=0,i 6=1
φ
i
(ρ) + · · ·+ ∂φN (ρ)
∂ρ
N−1∏
i=0
φ
i
(ρ) (8.33)
Therefore, the finite SNR DMT lower bound of the SAF protocol, d
f,LB
(r, ρ), in
cascaded Rayleigh fading is derived as,
d
f,LB
(r, ρ) = −ρ
[
∂φ0 (ρ)
∂ρ
1
φ0 (ρ)
+
∂φ1 (ρ)
∂ρ
1
φ1 (ρ)
+ · · ·+ ∂φN (ρ)
∂ρ
1
φ
N
(ρ)
]
= −ρ
N∑
i=0
∂φ
i
(ρ)
∂ρ
1
φ
i
(ρ)
(8.34)
Now, let us look at the derivation of partial derivative
∂φ0 (ρ)
∂ρ
. Define,
u =
√
4λ
SD,1
λ
SD,2
((1 + ρ)r − 1)
ρ
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Therefore,
∂φ0 (ρ)
∂ρ
is defined as,
∂φ0(ρ)
∂ρ
=
∂φ0(ρ)
∂u
× ∂u
∂ρ
= −2
√
λ
SD,1
λ
SD,2
[u
2
(K0 (u) +K2 (u))−K1 (u)
] r(1+ρ)r−1ρ − (1+ρ)r−1ρ2√
(1+ρ)r−1
ρ

(8.35)
In order to obtain the partial derivative
∂φi (ρ)
∂ρ
for i = (1, . . . , N), define the
following,
v
i
=
(
16λ2
m1,i
λ2
m2,i
((1 + ρ)rai − 1)
ρ
) 1
4
(8.36)
Therefore,
∂φ
i
(ρ)
∂ρ
=
∂φ
i
(ρ)
∂v
i
× ∂vi
∂ρ
= −
√
λ
m1,i
λ
m2,i
2
[v
i
2
(K0 (vi) +K2 (vi))−K1 (vi)
] air(1+ρ)air−1ρ − (1+ρ)air−1ρ2(
(1+ρ)air−1
ρ
) 3
4

(8.37)
Now, using (8.39) and (8.41) in (8.34) we can express d
f,LB
(r, ρ) in closed
form as follows,
d
f,LB
(r, ρ) = 2ρ
√
λ
SD,1
λ
SD,2
[ u
2
(K0 (u) +K2 (u))−K1 (u)
1− uK1 (u)
] r(1+ρ)r−1ρ − (1+ρ)r−1ρ2√
(1+ρ)r−1
ρ

+ ρ
N∑
i=1
√
λ
m1,i
λ
m2,i
2
[ vi
2
(K0 (vi) +K2 (vi))−K1 (vi)
1− v
i
K1 (vi)
] air(1+ρ)air−1ρ − (1+ρ)air−1ρ2(
(1+ρ)air−1
ρ
) 3
4

(8.38)
Next in analysis, the derivation of partial derivative
∂φ0 (ρ)
∂ρ
is formulated. Define,
u =
√
4λ
SD,1
λ
SD,2
((1 + ρ)r − 1)
ρ
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Therefore,
∂φ0 (ρ)
∂ρ
is defined as,
∂φ0(ρ)
∂ρ
=
∂φ0(ρ)
∂u
× ∂u
∂ρ
= −2
√
λ
SD,1
λ
SD,2
[u
2
(K0 (u) +K2 (u))−K1 (u)
] r(1+ρ)r−1ρ − (1+ρ)r−1ρ2√
(1+ρ)r−1
ρ

(8.39)
In order to obtain the partial derivative
∂φi (ρ)
∂ρ
for i = (1, . . . , N), define the
following,
v
i
=
(
16λ2
m1,i
λ2
m2,i
((1 + ρ)rai − 1)
ρ
) 1
4
(8.40)
Therefore,
∂φ
i
(ρ)
∂ρ
=
∂φ
i
(ρ)
∂v
i
× ∂vi
∂ρ
= −
√
λ
m1,i
λ
m2,i
2
[v
i
2
(K0 (vi) +K2 (vi))−K1 (vi)
] air(1+ρ)air−1ρ − (1+ρ)air−1ρ2(
(1+ρ)air−1
ρ
) 3
4

(8.41)
Now, using (8.39) and (8.41) in (8.34) d
f,LB
(r, ρ) can be expressed in closed
form as follows,
d
f,LB
(r, ρ) = 2ρ
√
λ
SD,1
λ
SD,2
[ u
2
(K0 (u) +K2 (u))−K1 (u)
1− uK1 (u)
] r(1+ρ)r−1ρ − (1+ρ)r−1ρ2√
(1+ρ)r−1
ρ

+ ρ
N∑
i=1
√
λ
m1,i
λ
m2,i
2
[ vi
2
(K0 (vi) +K2 (vi))−K1 (vi)
1− v
i
K1 (vi)
] air(1+ρ)air−1ρ − (1+ρ)air−1ρ2(
(1+ρ)air−1
ρ
) 3
4

(8.42)
A further discussion on the outage bounds and the FDMT curves with graph-
ical representations is given in Section 8.7.
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8.6 FDMT of the SAF Protocol in Congested
Vehicular Traffic
There can be instances in the highway when the traffic is in either a jammed
condition or moving very slowly. This results high vehicle density (number of
vehicles occupying a length of one meter along a highway lane) and from a com-
munications point of view, a favourable condition for multi-hop transmissions.
This traffic condition will cause higher SNRs of vehicle to vehicle links compared
to the free-flow traffic. However, there will be increased number of transmissions
causing the overall noise floor to increase. Therefore, we can assume that some
cooperation frames in the SAF protocol will be exchanged at finite SNR condi-
tions. In this type of traffic conditions, the V2V links in the system is expected
to undergo Rayleigh type fading [4, 20].
Using the same notation in Section 8.5 to represent the channel coefficients,
h
SD
can be represented by a complex Gaussian random variable α
SD
with zero
mean and σ2
SD
variance. Therefore the c.d.f, F
SD
of |h
SD
|2 = z under Rayleigh
fading can be written as below [24],
F
SD
(z) = 1− exp(−λ
SD
z) (8.43)
where, λ
SD
= 1/E
[|α
SD
|2]. The c.d.f s F
SRi
, F
RiD
are also defined similarly for the
Rayleigh type fading.
8.6.1 FDMT Analysis
The methodology used in the derivation of FDMT is similar to that of Section
8.5. Therefore, starting with the inequality in (8.21) and following same steps, we
can arrive at (8.24). For this scenario, the channel coefficients h
SD
and h
SRi
, h
RiD
for ∀i are undergoing Rayleigh fading.
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Then, following (8.43), P1 can be expressed as,
P1 = 1− exp
(
−λSD ((1 + ρ)
r − 1)
ρ
)
(8.44)
P2 is expressed in a exact similar form to (8.26) and (8.27). With |hmi | defined as
in (8.28), for the Rayleigh fading channels it can be derived that,
P2 ≤
N∏
i=1
Pr
[
|hmi |2 ≤
(
(1 + ρ)rai − 1
ρ
) 1
2
]
=
N∏
i=1
1− exp
−(λ2m,i ((1 + ρ)rai − 1)
ρ
) 1
2
 (8.45)
Where, λ
m,i
= 1/E
[|hmi |2]. Hence, a tight approximation for the upper bound of
Po under Rayleigh fading is given by,
Po ≤
[
1− exp
(
−λSD ((1 + ρ)
r − 1)
ρ
)]
×
N∏
i=1
1− exp
−(λ2m,i ((1 + ρ)rai − 1)
ρ
) 1
2

(8.46)
The non linear optimisation problem in (8.31) is solved again to determine the
optimal a
i
’s which results a tight approximation for the upper bound in (8.46).
With an upper bound for Po in place, the lower bound of the FDMT for
the SAF protocol in Rayleigh fading scenario can be derived. To simplify the
notations Po is represented in the form used in (8.32) with,
φ0 (ρ) = P1
φ
i
(ρ)
i∈1...N
= 1− exp
−(λ2m,i ((1 + ρ)rai − 1)
ρ
) 1
2

(8.47)
The lower bound of finite SNR DMT in Rayleigh fading, d∗
f,LB,
(r, ρ) is derived
using (8.34) in this scenario as well. However, the partial derivative terms are
different for this scenario. Therefore, to evaluate
∂φ0 (ρ)
∂ρ
, we redefine u as,
u =
λ
SD
((1 + ρ)r − 1)
ρ
8.7 Numerical Analysis for Free-Flow Traffic Scenario 187
Then, using the rule,
∂φ0 (ρ)
∂ρ
=
∂φ0 (ρ)
∂u
× ∂u
∂ρ
,
∂φ0 (ρ)
∂ρ
= exp (−u)
[
λ
SD
(
r (1 + ρ)r
ρ
− (1 + ρ)
r − 1
ρ2
)]
(8.48)
Similarly,
∂φi (ρ)
∂ρ
,∀i is given by,
∂φ
i
(ρ)
∂ρ
=
λmi exp (−vi)
2v
i
[
ra
i
(1 + ρ)rai−1
ρ
− (1 + ρ)
rai − 1
ρ2
]
(8.49)
where, v
i
is defined as,
v
i
=
(
λ2
m,i
((1 + ρ)rai − 1)
ρ
) 1
2
Finally, using the above derived partial derivatives in (8.34) the closed-form lower
bound of FDMT, d∗
f,LB
(r, ρ) for the SAF protocol in Rayleigh fading environment
can be given as follows,
d∗
f,LB
(r, ρ) =
ρ exp (−u)
1− exp (−u)
[
λ
SD
(
r (1 + ρ)r
ρ
− (1 + ρ)
r − 1
ρ2
)]
+ ρ
N∑
i=1
λmi exp (−vi)
2 (1− exp (−v
i
))
[
ra
i
(1 + ρ)rai−1
ρ
− (1 + ρ)
rai − 1
ρ2
]
(8.50)
8.7 Numerical Analysis for Free-Flow Traffic Sce-
nario
The approximations for the outage bounds and the analytical and simulated
results are discussed under this section. First, the outage probabilities for a finite
SNR range of 0− 60 dB are simulated using 106 channel realisations for cascaded
Rayleigh and Rayleigh fading (free-flow and congested road traffic scenarios).
Then, the non-linear optimisation problem, O∇ is solved to determine optimum
a
i
’s, which are used to establish tight outage upper bounds for both scenarios.
For all simulations, λ
i
= 1, i = 1, 2, . . . N is selected to simplify the analysis.
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Figure 8.8: Simulated outage probability and estimated upper bound by solving
the non-linear optimisation problem O∇ in a four relay system for different multi-
plexing gains. Both Rayleigh fading and cascaded Rayleigh fading environments
are illustrated.
8.7.1 Upper Bounded Outage Curves at Finite SNR
Figure 8.8 presents the outage probabilities of a four relay vehicular commu-
nications scenario implementing the SAF protocol under cascaded Rayleigh and
Rayleigh fading environments. Three different multiplexing gains at r = 0.1, 0.3, 0.5
are selected for the analysis. Exact approximation for all simulated outage prob-
abilities are estimated using 106 channel realisation by solving the non-linear
optimisation problem O∇ in (8.31). It is evident from the results that the optimi-
sation results in an exact match for all the scenarios and influenced by the values
determined for a
i
’s. The methodology adopted, permits us to express Po(r, ρ) in
closed-form for both fading scenarios which is a key in deriving the lower bounds
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Figure 8.9: Comparison of the asymptotic DMT with the finite SNR DMT in
a Rayleigh fading environment of a four relay five slot system employing SAF
protocol at different finite SNRs.
of the finite SNR DMT.
8.7.2 Lower Bound of the FDMT
In Figure 8.9 the lower bound of the finite SNR DMT of SAF protocol is compared
to its asymptotic curve in Rayleigh fading environment which represents the
protocol operation in a congested traffic condition. With the increasing SNR, the
finite SNR diversity gain approaches its asymptotic bound in a slow rate. At a
relatively healthy finite SNR of 30 dB and a nominal multiplexing gain of 0.2 the
finite SNR diversity gain which can be achieved is two while its asymptotic bound
lies around 3.75. Therefore, a rough performance reduction of 47% is observed in
worst case. With the system average SNR decreasing the diversity gains reduce
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Figure 8.10: Comparison of the finite SNR DMTs in Rayleigh fading and cascaded
Rayleigh fading environments of a four relay five slot system employing SAF
protocol at different finite SNRs.
further. Interestingly, at an average SNR of 5 dB and for multiplexing gains
beyond 0.5 the lower bound of the achievable diversity gain drops to 0, which
implies no diversity at the receiving nodes. All the curves follow a similar shape
compared to the asymptotic curve which follows the single path diversity for
multiplexing gains above 0.8. In contrast, the finite SNR DMT curves bend at
lower multiplexing gains.
For a free-flow traffic scenario with vehicular channels undergoing cascaded
Rayleigh fading, the diversity performance of the SAF protocol becomes further
sub-optimal as shown in Figure 8.10. At an average SNR of 50 dB and a multi-
plexing gain of 0.4 the finite SNR DMT of the cascaded Rayleigh fading scenario
is roughly 1 compared to the diversity gain of 1.5 of Rayleigh fading. In compar-
ison, the cascaded Rayleigh fading environment is more severe on the diversity
performance of the SAF protocol and at a SNR of 5 dB the system offers no
diversity for multiplexing gains beyond 0.4.
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Figure 8.11: Three dimensional relationship between SNR, ρ, multiplexing gain r
and diversity gain d(r, ρ) in Rayleigh and cascaded Rayleigh fading environments
in a four relay five slot SAF protocol.
Figure 8.11 illustrates the relationship between r, ρ and d(r, ρ) in the finite
SNR regime of 0− 40 dB. The resulting surface of Rayleigh fading lies above the
cascaded Rayleigh fading environment for all finite SNRs and multiplexing gains.
Moreover, a region of low SNRs for both surfaces which offers no diversity gain
at higher multiplexing gains can be identified.
8.7.3 Additional SNR Requirement
The additional SNR requirement to achieve a specific increment in diversity gain
is illustrated in Figure 8.12. For a 4 relay 5 slot SAF protocol implementation,
the diversity gain is plotted with respect to the average system SNR, ρ for cas-
caded Rayleigh fading and Rayleigh fading environments ((8.42) and (8.50)). The
results suggests that at a nominal multiplexing gain of 0.1 to achieve a diversity
gain of one in the cascaded Rayleigh fading environment the SAF protocol re-
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Figure 8.12: Lower bound of the diversity gain, d
f,LB
(r, ρ) in Rayleigh and cas-
caded Rayleigh fading environments at a multiplexing gain of 0.1 of a four relay
five slot SAF protocol.
quires an increment of 10 dB in the average system SNR compared to the Rayleigh
fading environment. Furthermore, in Rayleigh fading, to improve the diversity
gain from 1 to 2 at a multiplexing gain of 0.1 the system requires the average
SNR to increase from 16 dB. The diversity gains are compared to the asymptotic
diversity gain of the SAF protocol in a four relay scenario which is around 4.9 at
a multiplexing gain of 0.1.
8.8 Conclusion
At finite SNR, the deviations in diversity gains could result in a larger margin
in contrast to the asymptotic performance at infinite SNR regimes. This chapter
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provided a detailed analysis of the FDMT of the ODF, NAF and SAF protocols
subjected to vehicular communication scenarios. Tight approximations to the up-
per bounds of outage probability for these protocols were derived first, and closed
form expressions for the lower bounds of the FDMT were formulated. The con-
vergence of DMT in cascaded Rayleigh fading channels towards the asymptotic
bound is shown to be slower than the conventional Rayleigh fading environment.
It can be concluded that these results will be useful for the vehicular network pro-
tocol designers to optimise the physical layer performance while using orthogonal
and non-orthogonal cooperative diversity.

Chapter 9
Conclusion and Future Work
In this chapter, we provide a summary of our contributions and discuss potential
future research directions. A brief summary of this work is given in Section 9.1.
The contributions of the thesis are outlined in Section 9.2. Finally, Section 9.3
presents the future directions of research emerging form this thesis .
9.1 Summary
The research in this thesis has primarily looked at two areas, namely the appli-
cation of orthogonal and non-orthogonal cooperative diversity protocols in the
context of vehicular communications.
Initially, Chapter 3 analysed the outage performance of orthogonal DF proto-
col for basic relay arrangements in typical vehicular communication environments.
The outage behaviour was analysed in LOS and NLOS conditions with the relays.
The LOS relays in DF protocol were identified as undergoing cascaded (double)
Rician fading with the presence of a dominant LOS path. These types of relays
are expected to be frequently available in low density traffic flows on highways.
The performance enhancement possible with the presence of LOS relays with
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both source-to- relay and relay-to-destination paths were identified as compared
to the NLOS relays which are more frequent in an urban vehicular environment.
Chapter 4 of the thesis analysed the possible improvements on the expected
BER and RER in multi-hop forwarding within a ROI of a highway segment under
free-flow using orthogonal cooperative diversity. The free-flow traffic could often
lead to node sparsity in VANETs. The possible performance gains were quantified
and categorised with respect to the operating radio range, traffic flow density
and data rates of a VANET. Furthermore, the minimum QoS regions of multi-
hop forwarding were identified by analysing the worst expected RER within a
ROI. The analytical framework was verified using multiple simulation frameworks,
namely using Monte-Carlo methods and the Veins simulation framework.
Chapter 5 presented an extension of the work in Chapter 4. Deploying RSUs
has been identified as a reliable method to improve the connectivity, error perfor-
mance and delay in multi-hop forwarding within VANETs. However, deploying
RSUs is a costly process which often bring about a trade-off between cost and
reliability. Therefore, in Chapter 5 we discussed the possibility of reducing the
RSU requirement within ROI by employing orthogonal cooperative diversity pro-
tocols at the physical layer of the vehicular nodes. The results also quantified the
improvements on the expected BER and RER using cooperative diversity.
Chapter 6 discussed the possible improvements to the network layer of VANETs
using basic orthogonal AF cooperation at the physical layer. Starting with a well
established MANET routing protocol named GPSR, we proposed an extension
suited for VANETs, which was called CO-GPSR. Using a routing approach named
cooperative relay assisted routing, the relay selection mechanism was modelled
and solved as a MODM problem to derive better end-to-end frame delivery rates.
The final two chapters of the thesis focused on the non-orthogonal coop-
erative diversity protocols in the context of inter-vehicular communications. In
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Chapter 7, we proposed a novel relay isolation mechanism using MIMO reception
techniques for the SAF protocol, which is identified as the best non-orthogonal
cooperative protocol in terms of DMT [2]. The extended protocol was analysed
in an urban intersection environment for outage and DMT performance. Fur-
thermore, it was shown that the proposed extension of SAF has better outage
performance and similar DMT performance to the original protocol, while offering
a pragmatic approach towards relay isolation.
Eventually, the Chapter 8 looks at the finite-SNR diversity performance of
the common orthogonal and non-orthogonal cooperative diversity protocols in
the context of vehicular communications. The FDMT benchmark was used in
analysing the sub-optimality of the DMT in the operational SNR regimes, which
could be commonly experienced in sparse VANETs. In addition, the additional
SNR requirement at definitive multiplexing gains to achieve the asymptotic di-
versity bounds were derived.
We expect the analysis and proposed protocols in this thesis provides a
better understanding to the VANET protocol designers who would opt to use
cooperative diversity in vehicular networking. Moreover, the thesis provides the
norms and extremes of the achievable performance enhancements in VANETs
using orthogonal and non-orthogonal cooperative diversity from the perspectives
of the physical layer and the networking layer.
9.2 Contributions
This thesis discussed the cooperative diversity based performance enhancement of
inter-vehicular communications. Specifically, we have made the following original
contributions :
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1. We have analysed the outage probability of the orthogonal DF cooperative
diversity protocol with LOS and NLOS and mixed relay arrangements in
typical vehicular environments. Closed form expressions for the channel
capacity outage were formulated and verified in a Monte-Carlo framework.
2. The possible performance enhancement on the physical layer error rates
were quantified and formulated while employing orthogonal cooperative di-
versity in multi-hop forwarding within a ROI of a VANET. The error rates
were related to the free-flow traffic densities and the low QoS regions were
identified.
3. In addition to the second contribution, expressions were derived for the
physical layer error performance within a ROI established on a highway
segment under free-flow with the presence of standalone RSUs. The possible
reduction of the RSU requirement was then quantified using orthogonal
cooperative diversity in the physical layer of vehicular nodes.
4. We have also made contributions in enhancing the relay assisted routing
regime in inter-vehicular communications. An extension for the GPSR rout-
ing protocol was proposed, called CO-GPSR with a relay selection strategy
modelled in a novel way using MODM.
5. The usage of non-orthogonal cooperative diversity protocols in an urban
vehicular setting was alleviated by proposing a relay isolation mechanism
using MIMO reception for the conventional SAF protocol. A comprehensive
DMT analysis was then presented for the proposed extension to show similar
DMTs with the original SAF protocol.
6. Finally, the suboptimal nature of the orthogonal and non-orthogonal coop-
erative diversity protocols in the context of the vehicular communications
were emphasised by presenting a comprehensive FDMT analysis.
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This section provides possible areas of promising future research that can be
directed by the work of this thesis.
• Chapter 3 mainly focused on the DF relays in a vehicular environment.
DF relays add more computational burden on the network. However, DF
relays are always better performing compared to AF relays. The VANET
s have an advantage over MANETs with contributing vehicles being far
more resourceful in power and computational capabilities compared to the
conventional MANET nodes. However, AF relays are easy to implement in
MANETs and suit well for low energy low complex systems. Therefore, the
analysis should continue with the same system model using the AF relays.
• The contributions in Chapters 4 and 5 can further be extended by analysing
the error-performance of multi-hop forwarding using non-orthogonal coop-
erative diversity protocols. However, it could be expected that the resulting
error formulas could hardly be in a closed-form while the computational
complexity of the integrals calculating the expected error performance to
be critically high. Moreover, the relay selection methodologies in multi-hop
forwarding could be further improved and there is a void in relevant lit-
erature which discusses the suitable approaches. Furthermore, in Chapter
5, the end-to-end performance could further be evaluated in terms of delay
using the same framework of analysis.
• The MODM methodology proposed for relay selection in the relay assisted
cooperative routing regime on GPSR could further be evaluated in other
VANET specific routing protocols. Furthermore, the MODM process could
further be optimised using a global performance criterion like end-to-end
message delay while optimising the preference matrix declared in (6.8).
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Potentially, further optimal results could be found in this method, however
the usability of such methods in the dynamically changing VANETs should
be carefully established using stable protocols.
• The concepts of FDMT are relatively new in terms of inter-vehicular com-
munications, mainly because of the dissimilarity of the fading channel which
was statistically modelled as a cascaded Rayleigh fading channel. The sub-
optimality of the diversity gain is unknown for the channels with a dominant
LOS path, which could be a common scenario when tall vehicles or base
stations are contributing as cooperative relays. The resulting mathematical
expressions are expected to be highly intractable, yet possible to be estab-
lished. Furthermore, the concept of two-way-relays [148, 149] is a novel area
for inter-vehicular communications and a comprehensive FDMT analysis is
yet to be performed.

Appendix A
A.1 Lemma 3.1 of [1]
Let H be (k + 1)× k bidiagonal matrix defined by,
H ≡
g0Ik
0T
+
 0T
diag(g)
 (A.1)
where, diag(g) is a diagonal matrix of size k× k with elements (g1 , g2 , . . . , gk) and
0 is a row matrix with all zeros of size k × 1. Now, we can define a tri-diagonal
matrix G as below,
G =

1 + |g0|2 g0α∗1 0 · · · 0
g∗0α1 1 + |g0|2 + |g1|2 · · · 0
0 g∗0α2 · · · · · · 0
...
...
. . .
. . . g0α
∗
k
0 · · · · · · g∗0αk 1 + |gk|2

Then, following inequality exists.
det G≤(1 + |g0 |2)k + k∏
i=1
(
1 + |g
i
|2) (A.2)
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definition 1: For a Gaussian random variable g0 with zero mean and unit variance,
let e0 be the exponential order of |g0|2. Then, the c.d.f of |g0 |2 is shown to be [54],
Pr
(|g0|2 ≤ ρ−e0)≤˙
1 for e0 < 0,ρ−e0 for e0 ≥ 0 (A.3)
definition 2: This definition is the Lemma 3 of [134].
For relays, j = 1, 2, . . . , N , let hs,r1 and hr1,d denote the channel gains from source
to relay j and relay j to destination. Suppose that hs,r and hr,d denote the channel
gain of the source and best relay and the best relay to the destination, where the
best relay is selected using the rule,
min
(|hs,r |2, |hr,d|2) = max{min(|hs,r1 |2, |hr1,d|2), . . . ,min(|hs,rN |2, |hrN ,d|2)} (A.4)
If eˆ is the exponential order of min
(|hs,r |2, |hr,d|2) Then,
Pr
(|hs,r |2 ≤ ρ−eˆ) = Pr(|hr,d|2 ≤ ρ−eˆ)≤˙
1 eˆ < 0,ρ−Neˆ eˆ ≥ 0 (A.5)
definition 3: Let, h
s,rˆ
and hˆ
r,d
be the channel gains between the source and second
best relay and the second best relay and destination, following the same notations
in definition 2. Then, the c.d.f of |h
s,rˆ
|2 and |hˆ
r,d
|2 in hight SNR regime can be
given by,
Pr
(|h
s,rˆ
|2 ≤ ρ−eˆ) = Pr(|hˆ
r,d
|2 ≤ ρ−eˆ)≤˙
1 eˆ < 0,ρ−(N−1)eˆ eˆ ≥ 0 (A.6)
Proof. Using the definitions for the kth order statistics of a set of ordered random
variables [150], we can write the c.d.f of the second best relay gain, min
(|h
s,rˆ
|2, |hˆ
r,d
|2)as
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following,
Pr
(|h
s,rˆ
|2 ≤ x) = Pr(|hˆ
r,d
|2 ≤ x)
=
N∑
j=N−1
(
n
j
)[
F (x)
]j[
1− F (x)]N−j (A.7)
Where, F (x) = 1− e−x is the c.d.f of exponentially distributed random variable
with unit zero mean and unit variance, which is valid for any unordered channel
gain for a Rayleigh fading environment. Then, we can expand (A.7) further as
following,
Pr
(|h
s,rˆ
|2 ≤ x) =Ne−x(1− e−x)N−1 + (1− e−x)N
Pr
(|h
s,rˆ
|2 ≤ ρ−eˆ) =Ne−ρ−eˆ [ρ−eˆ + ∞∑
j=2
(−1)j
j!
ρ−eˆ
]N−1
+
[
ρ−eˆ +
∞∑
j=2
(−1)j
j!
ρ−eˆ
]N
(A.8)
Then, by considering infinitely large values of ρ, (A.8) we can recover the c.d.f
in (A.6).
Appendix B
B.1 Lemma 1 of [2]
Let H be bi-diagonal channel matrix with |g0|, the channel gains of source desti-
nation link, |g˜
i
| is the channel gain between source and ith effective relay and |h˜
i
|is
the channel gain between ith effective relay and destination. If b is the vector
of processing gain at the relays, pi is the vector of power allocation factors at
the source, pi is the vector of power allocation factors at the source and the the
system signal to noise ratio SNR, the following inequality holds.
Lemma :
max det
(
I + SNRHH†
) ·≥ (1 + SNR|g0|2)M + N∏
i=1
(
1 + SNR|g˜
i
h˜
i
|2
)
(B.1)
where, M is the number of time slots and N the number of effective relays. The
proof of this lemma is give in Appendix A of [2].
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